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Sxteroal  ballistics.  Omitriye vskiy,  A.  A.,  H., 
"Bachjne-building",  1972,  page  584. 


In  the  took  are  set  fertfa  the  theoretical  tases  of  external 
rocket  ballistics  and  artillery  shells.' Is  civem  the  basic 
information  about  forces  and  the  acnents,  kfcich  act  in  flight  cn 
rocket  and  projectile,  is  given  the  i&thod  cf  the  compilation  of  the 
equations  cf  notion  of  rockets  and  tpro ject iles,  is  examined  the 
integration  of  these  eqcaticns  by  analytical  and  numerical  methods 
kith  the  application/usc  of  electronic  computers. 


ire  proposed  the  methods  of  investigation  cf  trajectories  and 
are  given  the  concepts  cf  the  optimum  sclnticn*  of  the  problems  of 
external  ballistics.  Is  estinated  the  effect  c.i  different 
perturbation  factors  on  the  stability  cf  flight,  scattering  of 
trajentcries  and  error  for  firing. 


ire  given  the  bases  of  the  theory  cf  ccrrections  and  are  set 
forth  the  nethods  of  the  ccapilaticn  of  the  correcting  formulas  of 
external  ballistics  and  calculation  of  ballistic  derivatives. 


.1 

1 
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Ate  given  the  concepts  of  the  experiacrtal  methods  of  external 


tallif tics. 


the  book  is  tpxtbock  fer  the  students  cf  schools  of  higher 
technical  education*  and  alec  it  can  be  useful  for 
technical-engineering  workers.  Table  31*  illust.  188*  the  list  cf 
lit.  §2  title. 


Cage  J. 


PREFACE. 


]n  the  book  are  presented  fundamentals  of  external  roexet 
ballistics  and  prpjectiles^  driving/ac ving  in  the  field  of  gravity 
(space  flight  to  other  planets  here  it  is  -act  exanined.  This  is 
iedependeat  large  and  ccaplex  these). 


Icr  a period  cf  aany  years*  external  ballistics  was  occupied  by 
tie  study  cf  notion  sin  and  cf  the  projectiles  cf  barrel  artillery 
pieces.  Kith  the  developaent  of  rccket  engineering  and  the 
per fection/iaproveaent  cf  tie  theory  cf  rocket  flight  and 
IKejeotiles*  the  series  of  question  of  external  ballistics 
considerably  was  expanded,  appeared  verks  concerning  external 
ballistics  of  controllable  sockets*  the  including  special  guestions 


ivt 


cf  optimization  and  selection  of  the  program  of  the  notion  of  rocket. 
Considerable  development  received  the  designed  lallistic  calculations 
cf  scattering  trajectories  iith  the  firiqg  lockets  and  artillery 
shells.  The  application/use  of  conputer  technology  considerably 
expanded  the  possibilities  cf  ballistic  investigations. 

the  material,  presented  in  the  beck,  can  be  broken  rnto  ten 
thenatic  sections,  which  illuminate  the  bases  cf  external  ballistics. 
In  introduction  is  given  definiticc  cf  the  subject  and  are  formulated 
the  basic  problems,  solved  in  the  course  of  external  ballistics,  they 
are  bscught  information  frex  the  hintccj  of  the  development  of  the 
theory  of  flight  and  external  ballistics,  axe  -acted  the  special 
featuse/peculiarities  cf  the  flight  cf  diffetent  types  of  rockets  and 
projectiles  cf  artillery  pieces. 

In  chapters  I and  J1  are  examined  the  overall  theory  of  the 
moticn  of  rockets  and  projectiles:  the  forces  acd  the  moments,  which 
act  cn  rocket  and  projectile  ip  flight,  txa-ectcries  and  motion 
characteristics.  The  ccsacs/genera l/total  theory,  presented  in  these 
chapters,  determines  ccmmuqicaticn/ccaacct icn  cf  ballistics  with 
aerodynamics  and  theoretical  mechanics.  In  Chapters  III,  £V  and  v is 
examined  solution  cf  one  cf  the  basic  problems  cf  external  ballistics 
- compilation  of  the  differential  equations  cf  motion  of  rockets  and 
cf  projectiles.  Chapters  VI  and  VII  are  dedicated  to  the  methods  of 
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i 

integrating  the  equations  of  notion.  In  Chapter  VIZI  is  examined 
stability  of  notion  and  the  stabilization  of  rockets  and  projectiles, 
in  chapter  Ik  - effect  of  tie  aethcds  -of  control  on  rocket  ballistics 
and  projectiles.  Chapter  X is  dedicated  to  the  study  of  trajectories. 


Cage  t. 


In  Chapter  XI  is  exanincd  the  effect  of  different  perturbation 
factors  on  the  dev.iaticc£  of  trajectory  elcients  fron  their  values, 
calculated  for  initial  data,  nhich  ccrrcspctd  to  technical 
specif icaticns  for  rocket  acd  to  tk$  characteristics  of  standard 
atnosfhere,  ace  given  the  ccnclusicq/darivaticrs  of  correcting 
fcrnulas  and  the  prccedcres  of  calcnlation  ct  corrections  into 
trajeotory  elenents.  In  Chapters  XII  and  XIII  ate  examined  the 
special  feature/peculiarities  of  the  notice  of  the  rockets  during 
laencking/stacting,  the  errors  for  firing*  the  nissile  dispersion  and 
projectiles,  last  XIV  chapter  acquaints  the  reader  nitb  the 
experimental  nethads  of  external  ballistics. 


i 


Internal  ballistics  is  based  cq  the  lats  .of 
clcsely  related  uith  aerodycanics,  ky  gxaviaetry 
the  figure  of  Barth,  by  nctecrclogy. 


nechanics,  it  is 
and  the  t beery  cf 


Ballistic  calculation  gives  all  the  basic  data  on  trajectories 


I 
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aad  action  characteristics  cu  the  basis  of  ihich  it  is  possible  to 
judge  the  necessary  parameters  cf  aissile  ci  artillery  coaplex  as  a 

whole* 

i 

I 

it  goes  without  saying  that  contents  ci  the  book  by  no  leans  * 

exhausts  entire  diversity  ci  the  problems,  confronting  external  j 

ballistics.  lhe  conteapcrary  state  of  tfee  science  of  the  motion  cf 
rcckets  and  artillery  stells  cf  different  types  is  such,  that  many  of 
the  eyaained  in  the  book  guestions  concerning  its  value  can  serve  as 
the  ot ject/sub ject  cf  independent  theoretical  apd  experimental  ! 

st  cdies. 


the  author  expresses  sincere  gratitude  to  ccctors  of  technical 
sciences  Prof.  D.  A.  Pogccelcv  and  Eicf.  fe.  V.  Chuyev  for  the 
valuable  councils,  expressed  by  then  during  preparation  of  the 
aapuscript  for  publicaticn,  and  is  expressed  gratitude  to  the  dcctcr 
of  technical  sciences  N.  P.  Bazutov  and  Cana,  cf  tech,  sciences 
docent  Sh.  Penalty- Kary- Aihzov,  that  made  a series  of  the  useful 
observations  which  were  taken  into  account  with  the  nodificaticn  of 
the  manuscript. 
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tbe  designations  of  physical  quantities  ace  given  in  the  book  in 
accordance  with  the  project  of  the  Gcst  "unity  cf  physical 
quantities". 

Ill  observations  and  wishes  atent  contents  of  the  book  the 
author  requests  to  guide  to;  roscov,  E 66,  1st  Easaannyy  per.,  J, 
publishing  house  " Hachine-fc tilding 

tage  5. 

Erincipal  designations. 

t,  - scsentus  vector  of  the  body  cf  variable  ■ ass. 

K - vector  of  the  scsent  cf  sceentus  of  the  body  of  variable  nass. 

T«  - kinetic  energy  of  the  tody  of  variable  aass. 

■ - aass  of  the  dri ving/aoving  body  (recket,  projectile). 

v - velocity  of  the  center  of  aass  of  tody  in  atsolute  notion. 


I 


I 


a - acceleration  of  the  center  of  aass  cf  tcdy  in  absolute  motion. 

v.  - velocity  of  the  center  cf  ease  of  aissile  body  in  translational 

a,ctico. 

- acceleration  of  the  center  of  aass  of  housing  in  translational 
actice. 

Vt  - the  velocity  of  the  center  of  aass  of  system  housing  - 
tuel/fr cpellan t - gases  relative  tc  aissile  kedy. 

- the  acceleration  of  tie  center  of  mass  of  system  housing  - 
f oel/propellant  - gases  relative  tc  aissilc  tody. 

zf  ~ resultant  external  force. 

ZF?  - resultant  reaction  force. 

f»oP  - Coriolis  force. 

« - angular  velocity  vector  of  the  rctaticc  of  aissile  body. 


i 4 


Mr  - total  aqaent  of  eatercal  forces  relative  to  center  of  inertia. 
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MP  - total  aoaent  of  reaction  forces  relative  to  center  of  Inertia. 

Jxfhfh,  ~ the  bob  eat  3 of  tie  inertia  cf  rocket  relative  to  the  axes 

coordinate  systea  o 

J*lyvi*ti('hl*l  - products  of  inertia. 

0,  - generalized  force. 

4 - pitch  angle. 

ye  - yav  angle. 

1 - tgll  attitude. 

6 - flight  path  angle. 

v - angle  of  rotation  of  trajectory. 

Yr  - attitude  of  roll  of  the  high-sgeed/velocity  coordinate  system. 

"n*"  - projection  of  tie  velocity  of  tihc  center  of  mass  on  axis 


t 

i 


’ 

: 

j 

j 


i 


Cjij  of  the  starting  coordinate  systea 


•j 
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o,t-»  - elevation  of  the  velocity  cf  the  center  of  na-ss. 


a - angle  of  attach. 


fi  - slip  angle. 


rv.  - potential  of  the  icx.ce  cf  gravity. 


n.  - potential  of  centrifugal  inertial  force. 


n - gravitational  potential. 


g-  - acceleration  free  gravity  force. 


g - acceleration  fren  gravitational  force. 


Q - angular  rate  of  rotation  of  the  Earth. 


?r  - geographic  latitude. 


Vr*  - geocentric  latitude. 


Eagc  6 


X*  - longitude  of  nodal  line. 

t.  - total  flying  tine. 

1 - azinuth. 

• - angle  of  elevation. 

® - geopotential  height. 

B - altitude. 

P - air  pressure  <kg/ci2). 

e - aass  air  density, 
h - a|r  pressure  in  m fcg. 

T ~ virtual  t«nperature. 


H(y)  - the  function  of  a change  in  the  air  censity  with 
height/altitude. 


q - velocity  bead. 

S - acea  of  aaxiaua  cross  section. 

0 ~ Mach  qua ter. 

X - drag. 

1 - lift. 

% - literal  force. 

c*  - aerodynamic  coefficient  of  total  aerccynaaic  force. 

- aerodynamic  coefficients  during  drag,  lift  and  lateral 

fences . 

m,t  - pitching-aomept  coefficient. 

and  - rolling-acaep t coefficients  and  cf  yam. 

MrT  - stabilizing  acaent. 
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m,  - damping  loisnt. 

f ( v)  ,9  (v)  #K  (v/a)  - the  force  function  of  ail  resistance. 

c - ballistic  coefficient. 

a - speed  cf  sound. 

» ( ))  -*  the  function  of  pressure  change  with  beigbt/alt itude. 

r - torgue/nonent  of  surfice  friction. 

P - bench  thrust. 

jr„.  Yr„  7P,  - control  forces,  vbiefa  act  in  the  direction  of  oody 

t'»  - velocity  of  the  center  cf  sans  cf  tax$ct/purpose. 

- velocity  of  t be  center  cf  eans  of  reciet. 

*r  - horizontal  range. 
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p|  »«  trajectory  height. 

j 

L - linear  distance  over  the  surface  of  the  Earth. 

A 

vo i — orbital  velocity. 


vo„  - escape  velocity. 

2*  - range  angle. 

C - veight  of  projectile. 

Qfm  * fuel  consumption  per  second. 

Fege  J. 

1NIBCOOCUQI. 

§ 1.  SUBJECT  AID  PECBLEBS  Cl  EAXESlil  flUI*IIC$. 

the  science  qf  the  action  of  rockets  ard  projectiles  is  called 
talliatics.  By  the  study  of  the  aoticn  of  projectile  in  the  bore  of 
artillery  instrueent  ir  ccccpied  irtericr  talliatics.  The  sections  of 
interior  ballistics*  dedicated  to  the  ciaaipaticn  of  the  action  of 


I 
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projectile  immediately  after  output  tree  facie  in  the  associated  jet 
cf  that  escaping  following  ty  the  picjectilc  of  gas,  it  is  accepted 
tc  call  intermediate  ballistics. 

the  science  of  rocket  flight  and  projectiles  after  the  cessation 
cf  their  pewer  interaction  with  launching  installation  is  called 
csteraal  ballistics. 

Icrd  "ballistics"  sympathetic  Greek  weed  "throw"  ("pa’xxu")  ; froa 
the  latter  also  occurred  the  naae  of  tie  first  heavy  projectile 

t 

installations  which  in  cld  tines  were  called  faallists.  The  coaplex  of 
the  gecsticns  by  which  is  occupied  external  ballistics,  frequently 

| 

they  began  at  present  tc  call  the  thecry  of  flight.  For  example,  naae 
"theoiy  of  rocket  flight"  keth  is  ccsecn  and  naie  "external  rocket 
ballistics".  Subsequently  we  will  utilize  teth  these  oaies. 
i furtberaore,  with  the  presentation  cf  questions  of  the  overall  theory 

j cf  flight  under  tecs  "projectile"  we  will  understand  controlled  and 

i 

ji  ca guided  rockets,  the  rotating  artillery  shell,  the  spin-stabilized 

J 

j niaeile,  rifle  bullet,  finned  nine  and  the  projectile  of  smooth-bore 

j syatea. 


the  projectile  of  canjen-type  artillery  we  will  call  projectile 
cr  body  of  constant  anas,  and  rocket  - projectile  or  body  of  variable 

■asa. 


“irt 


la  spite  of  the  specific  difference  in  the  ballistic  probleas 
fer  different  classes  cf  rcckets  and  projectiles  the  setting  of  these 
prcbless  and  their  sabseguect  sclaticr  in  nany  respects  resain 
cciic n/geqeral/total.  The  action  of  racket*  and  projectiles  is 
sekordinated  one  and  the  saie  lass  cf  nechatica  and  is  described  by 
cae-type  differential  eguations. 

Cage  8. 

Best  frequently  are  distinguished  the  ri^fct  sides  of  the  equations, 
which  contain  the  concrete/specif ic/actual  ccaplex  of  the  acting 
fcrces  and  tarque/icaents.  the  differential  equations,  which  describe 
the  aftioa  of  the  guided  lissiles  a*d  projectiles,  connect 
cceaunicaticn/connections,  placed  ty  tie  ccptrcl  systea. 

the  flight  of  unguided  rockets,  *in  anc  projectiles  of  barrel 
artillery  pieces  represents  by  itself  a special  case  of  the 
ccancn/gegeral/total  task  at  the  acchanics  cf  controlled  flight. 

Internal  ballistics  is  occupied  by  the  solution  of  four  basic 


i 


protHis 


r 


• 1 
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the  Cicst  task  consists  of  the  trajectory  calculation  of  the 
notion  of  projectiles  along  previccsly  knotf  data.  For  the  solution 
cf  this  problem,  it  is  nacassarf  first  of  .all  correctly  to  determine, 
which  forces  act  on  projectile  in  flight  aQd  knew,  which  sill  be 
their  tale#  at  each  sonant  cf  tine,  further  cm  should  comprise  the 
differential  equations  cf  action  cf  projectile  taking  into  account 
all  adting  forces,  as  a result  of  the  sclutic*  cf  differential 
equations,  are  obtained  all  the  ectlcn  characteristics:  velocity, 
acceleration,  the  flight  tiae  and  coordinate  of  the  center  of  aass  on 
which  can  be  constructed  tic  trajcctcry.  the  first  task  occasionally 
referied  to  as  basic  or  direct  frolics  cf  caternal  ballistics.  The 
auabet  of  forces,  ehich  act  cn  projectile  drring  notion,  the 
chnraeter  of  their  change  la  the  prccess  of  eotion,  and  also  the 
rasher  cf  equations,  which  describe  notion,  and  their  forn  they 
depend  on  the  designnticn/Etrpcse  cf  Ficjectile,  its  construction, 
■et^od  of  stabilization  in  flight  i|d  tke  | redacted  trajectory  of 
actica. 

Ihe  second,  or  the  so-called  reverse/ inverse,  task  consists  of 
determining  of  the  designed  ballistic  data  cf  action  along  the 
assigned  tactical  and  technical  data  cf  rocket  cr  artillery  piece. 

The  second  task  is  direct-ccnnectcd  with  the  lallistic  design  cf 
systea,  important  stage  of  thick  is  finding  tke  optima  states  cf 
action  and  flight  tra jeetet ies. 


a 
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The  calculation  of  the  attitude  caitorcl  of  different 
desigsation/purpose  and  the  determination  cl  tbe  conditions  of  their 
ccgtrgllabi lifcy  is  the  third  task  cf  arterial  ballistics,  if  rocket 
ct  projectile  are  unstable  in  flight,  .then,  ctviously,  it  cannot  be 
it  yill  be  expected  that  they  correctly  Hill  fly  in  the  assigned 
diiecticn. 

Isually  ballistic  calculations  arc  ccgcuctcd  in  several 
approAch/approxiaaticns.  First  during  ballistic  design  are  determined 
the  characteristics  of  the  ideal  trajectory  cf  tbe  center  of  aass  of 
projectile  taking  into  account  the  Height  cf  warhead  and  predicted 
firing  distances  (aaxisiia  aid  siniiua).  As  a result  of  these 
calculations,  is  establisb/installe d tbe  advisability  of  the  selected 
setbod  of  control,  the  fora  of  trajectory,  its  curvature,  the  values 
ct  taagential  and  acraal  accelerations.  Arc  deteraiied  the  motion 
characteristics  of  projectile  upon  its  rendezvous  for  target/purpose 
aad  tie  characteristics  of  scattering. 

1 age  9. 

1 

la  the  process  of  desige  and  aanufacture  of  aissile  (artillery) 
ccaplaa,  ballistic  calculations  arc  repeated  with  introduction  in 

■ 

3 

- 
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thca  tb«  «eu  specified  cats  cn  projectile,  the  syste*  of  control  and 
stabilization.  The  application  cf  the  selected  aethods  of  control  and 
stabilization  of  rockets  and  projectiles,  vjicb  ensure  the  high 
accuracy  of  firing,  is  the  part  of  ccaacn/ce nc r al/tctal  stability 
pxeblea  of  notion,  in  atich  eiternal  ballistics  aost  closely  coaes 
in tc  acntact  with  guestions  of  control  cf  fligfct.  Furthermore, 
external  ballistics  gives  basic  inferaatioy  for  developing  of  rules 
and  recepticn/procedures  of  aiaing  and  firing. 

designed  trajectory  calculations  are  conducted,  as  a rule,  for 
the  ideally  carried  out  projectile  aider  the  a verage/nean 
■eteczclogical  conditions,  accepted  as  noaisal.  However,  appears  in 
actuality  a nuaber  of  factors,  calling  the  ceviation  of  prcjectile  in 
flight  fron  calculated  trajcctcry.  Scattericg  the  trajectories  of 
repardte  shots  can  depend  teth  on  stru-ctura  1/design  and  technological 
reasens  (for  exaaple,  froa  caused  by  tlea  ip  the  rockets  eccentricity 
of  thrust)  and  on  tte  deviations  of  flight  conditions  on  the 
calculated,  for  exaaple,  fren  a change  in  tie  weather  factors,  the 
nceunlfora  erosion/cliaax  cl  nczzlc  threat  and  cf  the  jet  vanes, 
inadequacy  of  the  systea  cf  control,  etc.  lie  study  of  the  factors, 
which  affect  scattering  cf  the  trajectories  of  projectiles,  and  the 
epaaiaation  of  the  aetbeds  cf  decreasing  of  scattering  and  increase 
cf  the  accuracy  of  firing  they  are  tbe  fourth  task  of  external 
ballistics. 
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the  ccaplex  questions,  which  require  separate  exanination,  they 
ac<  tie  theory  c£  rocket  flight  as  elastic  tody  and  the  theory  of 
rocket  flight  taking  into  account  the  icticr  of  liquid  filler 
(f ael/pr opellant) . In  these  sectiocs  tie  theory  of  flight  closely 
ccaes  into  contact  with  vitraticn  theory  [1,  32]. 


During  the  solution  of  the  prctless  of  the  theory  of  rocket 
flight  and  projectiles,  the  larger  rusher  cl  acting  factors  with 
saaller  nuaber  of  assuapticns  can  he  taken  into  account  when 
conducting  of  calculations  in  the  electronic  calculating  and  analog 
ccaputers.  Is  sufficiently  widely  utilized  else  the  universal,  but 
very  laborious  aethod  cf  numerical  integration  with  the 
application/use  of  aanual  calculating  autoaetic  aachines  and  only 
saall  class  of  coaparatively  siaple  tasks  it  can  be  solved  by  tabular 
aad  analytical  aethods.  Purely  kineaatic  aetbeds  are  applied  in 
essence  for  the  qualitative  studies  cf  guided-taissile  control, 
intended  for  dealing  with  aeving  targets  or  which  start  from  acbile 
units* 


§ 2.  lroa  the  history  of  the  develcpaent  of  the  theory  of  flight.' 


By  its  conteaporary  highly  developed  state  jet-propulsion  and 
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artillery  technology  is  due  to  a considerable  extent  to  Russian 
science. 

Eage  1C. 


The  first  generalised  inforaaticn  about  rockets  and  projectiles 
cf  cannon-type  artillery  it  is  feasible  to  find  in  the  nook  the 
"regulations  of  the  ailitary,  cannon  and  other  bodies,  which  concern 
with  ailitary  science",  written  to  Cnisia  Eikhaylov  and  final  in 
162C. 


At  the  tine  of  the  appearance  cf  the  first  scientiric  works  in 
tbe  region  of  rocket  engineering  external  ballistics  of  the 
prcjeatilas  of  barrel  artillery  pieces  Mas  located  on  the 
sufficiently  high  level  of  develc ( sect.  The  first  theoreticall y 
substantiated  work  according  to  the  trajectory  calculation  the  freely 
projectile  is  written  by  G.  Galilee  (1564-1442)  and  it  is  printed  in 
Eolcgaa  in  1638.  Proa  this  work  it  kccaae  it  is  known  that  if  we  do 
n,ct  consider  the  air  resistance,  bet  tbe  acceleration  of  gravity  to 
take  ccnstant  on  value  and  direction,  then  tbe  trajectory,  described 
by  prgjectile,  will  be  parabola. 

It  is  obvious  that  tc  cse  parabolic  theory  is  possible  only  when 


the  adopted  during  her  conclusion/daiivaticp  assuaptions 


s / 
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signi{icai*tl y do  not  affect  tie  results  of  oalculaticns.  First  cf  all 
this  |s  related  to  the  possibility  of  .neglect  cf  the  air  resistance. 

Ind  of  the  XVII  century  and  beginning  1 signify  theaselves 

ty  the  increased  interest  it  the  study  cf  tie  effect  of  the  air 
resistance  on  the  flight  of  the  rabidly  flying  todies.  The  first 
works  cn  the  study  cf  tie  effect  cf  xediua  cn  those  moving  in  it  it 
is  thawed  they  belong  tc  English  scholarly  1.  Kewton  ( 1643-1727). 
teuton's  works  were  related  to  the  lew  speeds  cf  the  notion  of  bodies 
ard  were  partially  confined  by  later  investigations. 

The  experiments,  connected  with  the  measurement  of  the  initial 
velocity  of  projectile,  were  conducted  for  tfce  first  time  in  Russia 
in  1727,  and  the  first  description  cf  experiments  regarding  air 
resistance  to  aotiem  of  spherical  gur  bullets  fer  considerable  for 
these  tiees  velocities  (52C  a/s)  can  be  foupd  i«  the  book  cf  the 
Englishman  of  B.  Robinsa,  wfcc  left  in  1742. 

tfce  first  solution  cf  the  prcblei  cf  tie  xction  of  projectile 
taking  into  account  the  air  resistance  was  lade  in  1753  by  a member 
cf  the  russian  Academy  cf  Sciences  by  1.  Euler  and  it  is  published  in 
1755  [63].  Later,  in  1175,  to  them  in  famous  werk  the 
"ccaaf c/general/total  principles  of  the  action  cf  liguidsH  was  placed 
the  beginning  tc  aerchydrcdyramics. 
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the  first  scientific  investigations  in  the  field  of  rocketry 
belong  to  Bussian  artilleryman  to  General  R.  1.  Konstantinov 
(18 18-*  1871) , eho  headed  sigce  18*t9.  Fetersktrg  rocket  institution  and 
inch  aade  for  an  improvement  in  the  organisation  of  production  and 
technology  of  the  aanufacture  of  rackets.  Constantine  is  described 
the  physical  essence  of  the  notion  cf  iccket  acd  is  noted  equality 
iacrehses  in  the  momenta*  ef  rocket  and  momentum  of  the 
escape/ensuing  froa  it  gas; 

fact  11. 

Ef  hia  is  also  aade  important  the  cccalcsj.cc  that  eccentricity  of 
reaction  force  is  the  basic  reason,  vhich  deflects  rocket  froa  the 
initihl  ui rection  of  motion,  and  is  shevn  the  advisability  of  the 
cranking  of  f in-stabilised  xcckets  fer  purpose  of  an  improvement  in 
the  adcuracy  of  fire. 

Ihe  greatest  development  rocket  artillery  cf  that  tiae  achieved 
in  the  first  half  the  XIX  century.  Subsequently  the  poor  closely 
gtcuped  fire  of  rockets  and  the  successes  in  this  respect  of  barrel 
firearas  led  to  the  fact  that  for  a prolonged  .time  the  combat 
aissiles  were  completely  teicved  frci  the  aimaiaent  of  the  armies  of 


r 

i 
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all  countries..  The  thecry  ci  flight  is  developed  in  essence  in 
application  to  the  pro jecti les  of  cacncn-ty pe  artillery,  but  it  is 

j 

later,  t lc a eqd/lead  the  XIX  century,  and  it  application  tc  the  j 

.] 

deaands  of  the  begun  violently  tc  be  developed  aviation.  ■' 

In  1820  in  Russia,  was  instituted  the  artillery  school, 
converted  in  1855  into  artillery  acadeay.  lie  development  c£  external 
ballistics  in  many  respects  is  connected  vith  these  educational 

! 

institutions.  In  particular,  by  the  prefesser  of  the  artillery  school 
V.  A.  Ankudovichem  vas  vritten  the  first  tcatbcck  on  external 
tallistics,  published  in  1836.  In  artillery  academy  from  1855  through 
1858  of  lecture  oq  external  ballistics,  rveac  noted  Russian 
mathematician  H.  V..  Ost togradskiy , tor  the  tirst  time  in  general  form 
vbc  solved  the  complex  problem  of  the  metier  cf  the  spherical 
rotating  projectile  in  air. 

Since  1858  the  schcol  cf  Eussian  ballistics  headed  by  talented 
scientist  designer  N.  V.  flajevskiy,  v^c  much  made  for  developing  the 
Bussian  artillery  and,  in  particular,  tin  the  field  of  study  of  the 
air  resistance  at  high  rates  cf  the  motion  cf  projectiles,  and  also 
the  study  of  the  rotary  metion  cf  cklcqg  projectiles,  in  his  work 
"about  the  effect  cf  rctary  action  cn  the  flight  of  oblong 
prcjectiles  iq  air",  published  in  1865,  N.  1.  fayevskiy  demonstrated 


for  the  first  tine  the  existence  of  the  oscillatory  notion  of  the 
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longitudinal  axis  qf  projectile  in  flight  and  be  investigated  the 
properties  of  this  aoticn.  Cndec  bis  xanageieikt  were  created  many 
Soviet  artillery  pieces,  very  aoderg  for  these  tines.  N.  V. 
Bayevskiy's  works  continued  his  student,  wcll-kpcwn  scholar  N.  A. 
2abudskiy  {1853-19  77) - 


in  1881  revolutionary  and  Beater  of  the  "Matodnaya  Volya",  N.  1. 
Kibal'chich,  being  located  in  the  prison  before  execution,  created 
the  first  in  the  world  project  cf  socket  craft  for  a Banned  flight. 


historical  interest  represent  the  works  of  the  Petersburg 
inventor  of  A.  P.  Fedorov  and  the  published  by  it  article  the  "new 
aetbod  of  flight,  which  elivinates  the  atmosphere  as 

seppocting/referencc  aediui".  Article  appeared  in  the  eightieth  years 
cf  past  century  and  dr e v researchers 's  attertic*  to  questions  cf  the 
theory  cf  rocket  flight. 

the  bases  of  conteapocary  rocket  dynamics  were  laid  in  the  works 
cf  Euasian  scholar  1.  V.  Beshcherskiy  ard  K.  £ . Tsiolkovshiy. 


Page  12. 


Ihe  oatstanding  teacher-scientist,  professes  Ivan  Vsevolodovich 
Beshcherskiy  (1859-1935)  in  his  works  cn  theoretical  mechanics  formed 
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as  egaation  of  the  aoticn  c t the  bodies  of  tie  variable  aass  to  which 
cne  should  relate  rocket,  (c  ccapiled  tie  eguaticn  of  the  vertical 
i/ctica  of  rocket. 


the  bases  of  the  t leery  of  ccsacnautics  aod  rocket  engineering 
placed  our  great  coapatrict  Constantine  Bdutrdcvicb  Tsiolkcvskiy.  In 
his  early  works  K.  B.  Isicl kevskiy  f igcrati  «ely  explained  the  essence 
cf  reactive  notion  based  on  the  exaaple  of  the  displaceaen t/ao veaent 
of  ship  under  the  action  cf  recoil  force  that  stand  on  besides  the 
rapid-firing*  continuously  shooting  gun.  liter  the  science  fiction 
narratives  "on  Boon",  "deeaas  about  the  aartt/greund  and  the  sky  and 
the  effects  of  gravitaticnal  attracticf"  Ki  E.  tsiolkovskiy  published 
in  1903  work  the  "investigation  of  enter  space  by  reactive 
iastraaents".  In  this  verk  is  given  known  fcraula  for  deteraining  the 
aaxiaws  velocity  of  the  action  of  rccket  on  the  assuaptioq  that  air 
resistance  and  gravitaticnal  force  are  ahscct. 


After  foreseeing  develcpaent  cf  jet/reactive  technology  and 
relyiag  on  his  theoretical  studies*  K.  1.  Isicl kevskiy  introduced  a 
secies  cf  the  valuable  propositions,  realised  considerably  later  on 
the  higher  level  of  develcpaent  cf  wctld  sciegce  and  technology.  this 
is  related  to  his  ideas  of  the  use  cf  a ligtid  fuel  for  the  jet 
engines  of  the  rockets  during  flights  up  tc  large  distances,  applying 
the  jet  vanes  for  rccket  ccctccl,  tbich  act,  also,  in  the  vacuua 
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where  usual  aircraft  aic  vares  dc  jcct  give  teccssary  effect. 
TsiolBovskiy  also  proposed  fee  obtaining  i»igh  velocities  to  utilize 
ccapcand/coap osite  aulti  stage  rockets.  Hitlcut  the  realization  cf 
this  idea,  weald  be  at  present  unthinkable  the  flight  of  nose  cone  up 
t£  large  distances,  is  widely  utilized  during  car  days  the  idea  of 
the  aatcaation  of  ccntrcl  cf  acticr  cf  fcigbipeed  aircraft  and 
rcckets,  proposed  to  Tsiclkovshiy. 

At  present  the  introduction  of  autcaatic  flight  contrcl  of 
rpekets  aade  it  possible  tc  attain  the  high  accuracy  of  firing. 
Beginning  to  extreae  scluticns  in  the  .theory  cl  flight,  in 
particular,  to  setting  the  cptiaua  states  of  action  of  rockets,  was 
placed  by  the  solution  cf  the  so-called  seccnd  task  of  Tsiolkc vski y, 
consisting  of  the  deter aination  of  such  laas  of  a change  in  the  aass 
cf  rocket  and  its  velocity  in  tine,  at  khich  it  is  possible  to  expect 
greatest  cliabing  range  cf  rocket. 

Bering  the  study  of  the  effect  of  air  resistance  on  the 
dr iving/aoving  body  K.  E.  Isiclkcvskiy  foocaed  attention  on  the 
prcfclea  of  heating  the  tccics,  flying  in  air  with  high  rates,  known 
cow  by  the  naae  probleas  of  aerodyraaic  heating  and  having  enorreus 
value# 


ji 
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Along  Soviet  researchers,  she  worked  it  tic  tieid  of  rocket 
engineering  iq  tbs  period  of  its  crigim/coqception/initiation,  one 
shculd  call/naie  ope  of  tbe  first  students  A . E.  Tsiolkovskiy  gifted 
engineer  F.  A.  Tsander  (1667-1933)  acd  invertor  of  Yu.  V.  Kondratyuk. 
fftt  the  popularization  of  tie  jet/reactive  principle  of  notion,  auch 
aade  1.  A.  By gin,  who  published  during  the  years  1928-  19 JJ  works 
"i ctepiane tary  flights",  Ya.  1.  Perel'man,  1.  A.  Tsander. 

{t  is  logical  that  under  conditions  of  tsarist  Russia,  and  what 
is  lore  during  the  weak  development  cf  technology  of  idea  of  K.  E. 
laid Icvskiy  and  his  students  did  set  cbtaip  the  development,  but  his 
transactions  - proper  acknowledgement.  CqlJ  with  the  Soviet  regime, 
which  pays  enormous  attention  to  new  technology  and  to  the  guide  the 
werk  qt  many  scientists,  design  and  plant  collectives  to  the  solution 
cf  foremost  scientific-technical  problems,  it  was  possible  to  attain 
emcrmgus  and  known  to  entire  peace/world  results. 

fn  1918  on  the  initiative  of  Vladimir  Ilyich  Lenin,  was 
initiated  the  organization  cf  central  aerohydrcdynanic  institute 
(IsAGl  [Central  Institute  cf  Acr chydtcdy namics  ia.  H.  Ye 

Zbuko vskry]).  The  founder  of  TsAGI  was  the  largest  Russian 
seienhist-aecodynamicist  kichc las  Yegorovich  Zhukovskiy,  who 


the  first  experiaental  a oris  c g aerod yraaicist  by  N.  Ye. 
Zbekovskiy  conducted  in  noscow  University  aid  acscow  highestest 
technical  school  (HITU  [Hcsccw  Higher  Technical  School]). 

Known  to  entire  world  scbclac  acadeaicians  I.  ».  Tupolev,  B.  H. 
Yur'yev,  A.  h.  hrkhangel *sk iy , B.  £.  Stechkin,  V.  V.  Golubyov  and  a 
whole  series  of  the  designers  and  scientists  were  the  students  of  N. 
E.  Joikowski,  but  nany  of  then  - ty  leakers  of  the  scientific  student 
saall  circle,  organized  by  K.  Ie.  Zhukovskiy  it  HVTO.  On  the 
initiktive  of  N.  Ia.  Zbnkcvskiy  ir  1919,  mat  organized  the  noscow 
inatitete  cf  the  engineers  cf  the  air  fleet,  converted  in  1922  into 
the  a|r  force  acadeay,  now  tearing  his  name. 

The  ccnteaporary  science  cf  flight  dycsaics  in  aany  respects  is 
dae  tg  scientists  of  M.  Ye.  Zhukovskiy  professors  V.  P.  Vetchinkin, 

I.  T.  Catoslavskiy , T.  s.  Vedcov,  v . S . Pystnov,  the  professors  cf 
the  a4t  force  engineering  acadeay  DJ  i.  Yeottsel',  G.  F.  Burago, 
acadeaician  V*  S.  Pugachev  and  aany  ctlers. 


tc  the  pen  of  M.  Ie.  Zhukovskiy  belongs  the  work  "about  the 
atcenfth  of  aotiog*,  writter  by  hit  in  18€2.  This  investigation 
together  with  noted  Russia^  aatheaatic,iao  I.  a.  Lyapunov's  work 
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"ccaapn/general/total  task  c£  stability  of  aoticn",  written  in  1892, 
they  initiated  to  the  develcpaent  cf  tbe  Scviet  science  of  stability 
cf  acticn  and  stabilization  of  flight  vehicles. 

]n  1918  by  the  decisicc  of  Soviet  governicct,  was  alsc  created 
the  cpcstactly  acting  beard  cf  special  artillery  experiments 
(KC5  AB1GP) , which  charged  tbe  solution  cf  tbe  problems,  connected 
with  the  creation  pf  artillery  pieces. 

Cage  14. 

in  the  coaeission  fruitfully  worked  tbe  greatest 
schclars-artilleryaen  V.  H.  Trofiacv,  If.  f » Crczdov,  G.  P. 

Kispesskiy,  acadeaicians  K-  le.  Zhukovskiy,  i.  N.  Krylov,  s.  A. 
Chaplygin.  Sc,  by  acadciician  A.  8.  Krylov  dcring  the  years  1917-1918 
was  developed  the  aethed  of  the  numerical  integration  of  the 
differential  equations  cf  acticn  cf  yrcjectiles,  utilized  at  present, 
alsc,  for  the  case  of  deteraining  the  aoticr  characteristics  of  the 
rockets  of  different  desigcaticn/parpcse. 

ly  the  founder  of  tbe  rev  branch  cf  aercdynaaics  - gas  dynaaics 
rightfully  is  counted  academician  Sergey  Alekseyevich  Chaplygin 
(If  69**  1942)  one  of  the  lost  talented  students  ,cf  N.  le.  Zhukovskiy. 
Headed  by  S.  A.  Chaplygin  sere  than  10  years  central  aeroh ydrodynaaic 
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egaipscnt  and  their  scientific  sig tificaqcc . 1c  the  end/lead  of  his 
life,  S-  A.  Chaplygin  renamed  tbe  aciettilic  leader  of  Soviet  gas 
aetcdyoaaics.  Its  aaay  prctleas,  ccnsected  v it  t the  theory  of  flight, 
are  solved  by  the  sciectists  ct  S.  A.  £ha  pi  ygic  ' s school,  by 
acadeaicians  M,  V.  Keldysh,  H.  A.  Lavrentyev,  1.  I.  Sedov,  S.  A. 
Ahristiano vich  and  by  jany  ethers. 

the  developaent  of  eitcrnal  ballistics  is  insepacaoly  connected 
kith  the  solution  cf  practical  guestices  at  the  creation  of  rocket 
aid  astillery  pieces,  the  teginning  cf  platted  theoretical  and 
experjaeatal  invest igat ic os  in  the  USS8  in  iccket  engineering  sere 
nocks  gas-dynaaic  of  the  latocatory,  organized  in  1921  to  Pose o«.  In 
1J2?  tbe  laboratory  was  relccated  into  Leningrad  and  is  was  been 
called  nase  GDI.  During  the  years  1931-1932  are  created  the  groups  of 
the  study  of  tbe  reactive  action  (GIBD),  if  vbich  worked  the 
eatbutiasts  cf  rocketry  f.  1.  Tsandcr,  S.  I.  Korolev,  n.  k. 
lihboaravov,  Yu.  A.  Pobcdcscstsev  et  al.  It  GIfE  sere  designed, 
constricted,  aade  and  tested  in  flight  tbe  first  Soviet  rockets.  In 
1933  9DL  and  GIBD  were  united  into  the  first  in  tbe  world  state 
jct/ctactive  scientific  research  irstitetee  (BIUI).  In  the  30's 
engineer-scholar  N.  I.  likhesirov,  1.  A.  Artea'yev,  B.  S. 

Batrofavlo vsiy , G.  E.  Langeaak,  etc.  designed  the  first  Soviet  coabat 


rccket  projectiles  on  solid  fuel.  These  projectiles  with  certain 
aodifjcatioa  Here  used  in  the  Great  fatciotic  Her  1941—1 S-4 5-  The 
acfaieveaents  of  contemporary  external  lallistics  were  utilized  also 
dating  the  creation  of  artillery  pieces.  Large  successes  attained 
design  collectives,  led  by  scholars-artillcry act  V.  G.  Grafcin,  B.  I. 
Shavyain,  I.  I.  Ivanov,  l - 1.  Eetrov  a«d  other  Soviet  designers. 

In  the  beginning  qf  the  Second  florid  htr  when  firing  distances 
the  saall  unguided  rockets  (rocket  projectiles}  were  snail  and  on  the 
et  tact  ural/design  fora  cf  rocket  th«.y  teaiuccd  projectile  or  nine, 
syatea  of  equations,  describing  the  aotion  cf  their  center  cf  aass, 
it  differed  little  froa  systea  of  eguatioae,  describing  the  notion  of 
the  projectile  of  cannon-type  artillcr.y.  Per  deteraining  the  air 
resistance,  it  Has  of  sufficient  use  stsnderd  (auctions  cf  air 
resistance  or  the  sc-callcd  Ians  of  air  resistance. 

Page  15. 


lith  an  increase  in  the  flyipg  ranges,  and  respectively  also  the 
rates  cf  aotion,  uith  the  introduction  cf  ccntrcl  and  the 
coapljcaticn  of  constructions  and  ferns  of  rcckets,  equation,  vbich 
describe  their  aoticn,  considerably  they  Here  complicated.  Was 
required  use  in  the  vide  scales  cf  ccntsapcracy  aero-  and  gas 
dycaaics,  highly  developed  in  application  tc  the  deaands  of  aircraft 
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cccsts cction.  To  the  solution  of  the  tasks,  corrected  witn  the 
ccqstEucticn  of  rockets,  they  began  tc  be  drawn  scholars-specialists 
is  the  region  of  dynasic  stability,  autcaatic  regulation,  pilotless 
control  aqd  induction  tc  ta ige t/pu ip cse . 

lie  theory  of  the  flight  cf  the  guided  ballistic  aissiles, 
intended  fer  a firing  tc  very  long  ranee,  tie  lartb  satellites  and 
interplanetar y vehicles  reguires  the  widest  participation  also  the 
astrosceers,  specialists  in  the  field  cf  celestial  aechanics.  the 
elliptical  theory  of  the  action  of  planets,  which  began  to  be 
developed  froa  the  tiaes  cf  I.  Kepler  (1571-161C)  and  of  1.  Newton, 
tc  cur  tiae  is  considerably  iapreved  and  successfully  is  applied  for 
the  calculation  of  the  aoticn  of  satellites  and  space  routes. 
Considerable  role  in  the  creation  cf  the  overall  theory  of  the  notion 
cf  rockets  belongs  to  Soviet  scientists,  the  professors  ot  the  aosccw 
state  university  A.  A.  Kcsacdesiansky  aid  E.  E.  ckhotsiastoiy . 

Is  interesting  the  history  cf  the  develcpient  of  the  theory  of 
the  flight  of  the  guided  aiaed  aissiles,  iitcpded  for  dealing  fer  the 
last  acviqg  target/purppses  cr  started  fr.oa  the  fast-aoving  carriers 
(ships,  aircraft,  tanks).  Per  the  first  tiae  tie  task  of  t he  acticr 
cf  pclot  along  the  curve  cf  "pursuit"  was  placed  even  in  the 
fifteenth  century  Leonardo  Ee  Vinchi;  however,  its  this  work  retained 
unknown  to  the  end/lead  of  the  nineteenth  century.  Beginning  frea  the 


I 
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first  decades  of  the  eighteenth  century  a series  of  the  scientists  in 
many  countries  was  examined  the  kireiatics  cf  the  notion  of  two 
pcints  during  their  approach  along  the  curve  cf  "pursuit"  and 
three-point  curved. 


the  idea  of  contrcl  cf  loving  cbjccts  at  a distance  arose 
together  with  the  beginning  of  devclcpacqt  electric  coupling  in  the 
beginning  of  the  nineteenth  century.  A.t  the  end  of  the  nineteenth 
century*  was  proposed  a series  of  the  systexs,  radio-controlled.  It 
is  later*  beginning  with  the  Second  World  her,  ler  the  trajectory 
calculation  of  the  rocket  picjectiles  with  reicte  control,  which  are 
aised  for  the  aobile  objectives*  it  was  regvircc  the  creaticn  cf 
special  theory.  Here  as  the  basis  cf  ifibial  investigations*  lay  the 
knewn  aethod  of  the  firing  cf  canncs-type  artillery  into  set  forward 
pcint  and  the  theory  of  degtight,  detailed  in  ccnnection  with  the 
actions  of  fighter  aviation.  It  is  legical  that  the  ficst  works  in 
this  directicq  bore  alsc  purely  kisciatic  clar actor.  The  complex 
dyqaiic  problens  of  the  thecry  of  the  flight  cf  controllable  rcckets, 
intended  for  dealing  for  the  fast  aeving  target/purposes, 
successfully  are  solved  at  present  by  Soviet  scientists. 


Eage  16. 
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Great  difficulties  ace  encountered  during  the  solution  of  the 
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iturse  problem  when  appear  tbenselacs  the  icst  advantageous  optimum 
states  cf  notion  of  rochets.  Basic  necks  ic  this  direction  are 
published  by  Soviet  scientists  by  1.  A*  Kc# icde aiansky , D.  Ye. 
Cfchctsiaskiy , T.  N.  Enejev,  E.  A.  iogcrelov,  E.  f.  Appazcv,  I.  N. 
Sacovskiy  et  al. 

The  creation  gf  the  occteaporary  multistage  rockets,  which  are 
tecnnpcal  the  base  cf  space  flights,  required  the  enormous  creative 
effort/forces  of  the  large  collectives  pf  the  scientists,  designers, 
engineers  and  workers,  leader  of  one  of  the  collectives,  who  prepared 
the  assault  cf  space,  was  academician  Sergey  Pavlovich  Korolev 
(1906^*1966)  - the  creator  of  aany  Soviet  ccckets. 

aarrier  rocket  with  space  ship  "Scyuz"  in  flight  is  represented 
ia  Fig.  0.1.  Figures  0.2.  shews  a version  of  surface-to-air  missile  on 
treeps's  parade  aray*s  Soviet.  Artillery  weepers  are  shown  on  Fig. 

C-3. 


§34  SPECIAL  FEATURES  OF  FLIGHT  OF  CIFFEBB13  1XEES  OF  SOCKETS. 

licing  distance,  the  trajectcry  cf  aoticb,  the  method  of 
stabilization  and  ccntncl  and  other  ballistic  a rd  structural/design 
characteristics  of  rockets  are  direct-cccaecte d vith  their 
deaigaatiop/purpose.  Depending  on  the  locatic?  cf  starting  device  and 


operating  and  working  engine.  Cnguided  is  He  flight  of  the 
spiti-stabilized  aissiles  and  projectiles  cf  land  artillery  pieces 
and  agrtars. 
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la  the  theory  of  flight,  it  is  accepted  to  ccnsider  the  unguided 
flight  as  special  case  cf  ccctcollcd  flight,  when  control  forces  and 
tfcigue/acaents  are  equal  tc  zero. 

If  ae  do  not  ezaaine  the  possible  patterns  of  the  technical 
realization  of  control,  it  is  possible  to  ccent  that  the  controlled 
flight  is  cf  two  foras.  These  are  the  flight  according  to  progran, 
abich  cccurs  uith  the  observance  of  the  predetermined  law  cf  change 
cf  scae  one  or  several  action  characteristics,  and  flight  uithout  the 
pcedeterai red  laws  of  characteristic  change,  deternining  the 
trajectory  of  aoticn. 

lost  frequently  flight  acccrding  tc  pregtaa  is  realized  if 
necessary  to  strike  fros  filed  starting  device  a fixed  target,  tc 
derive  rocket  to  the  giver  point  cf  space  cr  tc  have  in  the  specific 
tine  the  assigned  notion  characteristics.*  It  accordance  with  the 
lasic  designation/purpese  at  rocket;  previcrsly  can  be  progranned: 
the  change  in  the  tiae  cf  the  angles  cf  the  slope  of  axis  of  rccket 
tc  cogrdinate  axes  in  vertical  and  hcr.izoqtsl  planes,  the  change  in 
the  coordinates,  which  ensues  obtaining  the  specific  parameters  of 
trajectory,  change  in  the  asount  of  the  thirst  and  rate  of  notion,  a 
chang#  in  the  forces  and  totque/ac re nts , accelerations  and  g-forces. 
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As  an  exaaple  of  cockets  with  prograxxec  ccctccl,  it  is  possible  to 
give  Abe  cockets  of  class  "surf ace-tc~surf ace",  aajority  of  vbich  is 
CcyAcyl/guided  by  a change  in  tbe  angle  of  the  slope  of  longitudinal 
axis  Ac  the  horizon*  which  lays  cut  cf  the  trajectory  of  notion  in 
vertical  plane.  Pigures  C.5  gives  pattern  ci  s*uch  ballistic  aissile 
with  engine  co  solid  fuel,  intended  fez  flight  to  relatively  long 
ia?ge*  As  controls  serve  air  and  jet  vanes. 


I u. 


fig.  6.4.  Aviation  unguided  rocket  i*itb  exposed  tail  assembly:  1 - 
fuse;  2 - warhead;  3 - rocket  caiei a/chaaber  with  grains;  4 - nozzle 
erit;  5 - opened  tail  assembly. 

Cage  2C. 

The  typical  trajectory  cf  the  action  of  the  ballistic  missile  during 
starting/launching  froi  the  surface  cf  the  lartb  is  shown  cn  Fig. 
0.6a.  The  scheaatic  of  tie  trajectory  cf  aitborae  ballistic  rocket, 
controlled  according  to  program,  is  given  tc  Fig.  0.6b.  Figures  0.7 
shoes  the  trajectories  of  tie  motion  of  winged  cissile  and  rocket 
glider,  that  have  progressed  control,  fiingee  missile  (Fig.  0.8)  , as  a 
rule,  starts  frea  inclined  guides,  thee  changes  into  horizontal 
constant-level  flight  tc  target  area  vlere  it  transfer/coaverts  into 
dive  tc  target/puepose.  Previously  ly  pcogrta  is  assigned  flight 
altitade.  Of  rocket  glider  the  progras  aust  ensure  takeoff  along  the 
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predetermined  trajectory  anc,  upon  reaefcins  cl  optimum  height,  ' 

gradual  transition  to  tie  conditions/ rede  ct  the  gliding  descent. 

flight  according  to  ptegran  dees  net  eliminate  the  possibility  * 

cf  the  correction  qt  action  characteristics  in  the  process  o£  the  j 

countering  of  the  disturtance/pecttrhatioae,  which  attempt  to  deflect 
rccket  from  the  assigned  programmed  trajectory.  For  example,  the 
starting/launching  of  the  artificial  Earth  satellites  and  the 
spacecraft  is  conducted  according  to  the  previously  designed  program, 
carried  into  on-board  program  unit.  Ill  the  deviations  from  design 
characteristics  of  moticn  are  detected  with  sears  ground-based  j 

ccitrgl/check,  and  command  radio  transaittcr  transmits  correcticn  for  ! 

the  eliaination  of  these  deviations  through  the  cn-board  receiver  to  j 

the  system  of  the  flight  control.  A siailar  correction  of  the  - 

pregraamed  controlled  flight  provides  the  high  accuracy  of  the 
ccfclssicq/decivation  of  flight  vehicle  intc  tie  fixed  point  of  space 
aad  obtaining  the  assigred  acticn  characteristics. 

luring  controlled  flight  without  progiea,  almost  always  is 
assumed  either  the  induction  of  rocket  to  the  acved  target/pur  pose, 
ct  firing  froa  the  dri ving/aeviug  starting  cevice.  In  some  cases  can 
he  aoved  the  starting  device  and  target/purpese  as,  for  example,  with 
the  firing  the  air-rto-air  missiles;  in  gther  cases  tar  get/  purpose  ct  , 

starting  device  are  fixed.  ligures  Q.9  sljows  the  scheaatic  of  the 
controlled  aircraft  rocket,  intended  fox  a dogfight. 

J 
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fig.  0.5.  Ballistic  solid  fuel  rocket:  "Pershing":  1 - nose  cone  with 
warhead;  2 - section  with  the  aguipaant  of  guidance  and  control 
systea;  3 - second-rstage  engine;  4 - aerodyraaic  controls  of  the 
seccnd  step/stage;  5 - s ystca  of  stage  separation;  6 - gas  governing 
centrals  of  the  second  step/stage;  7 - first-stage  engine;  8 - 
aeicd ynanic  governing  ccntrcls  of  first  stage;  9 - gas  governing 
centrals  of  first  stage. 

Page  21. 
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The  action  characteristics  cf  such  guided  arssiles  depend  cn  the 
Bcticn  characteristics  of  target/purpese  arc  carrier  of  starting 
device.  Coaaunicaticn/ccncecticn  fcetveer  the  action  characteristics 
cf  rocket  and  target  is  acccaplished  IJ  the  control  system  which  aust 
eaaure  the  coqclusion/deri vaticn  of  rccket  ep  tc  the  distance  vith 
which  the  work  cf  its  warhead  kill  ensue  kill.  The  trajectories  of 
each  guided  aissiles  uere  called  the  trajectcries  of  induotion. 
Trajectories  of  iqducticn  * ccaplex  space  cirves. 


Is  known  the  ccabicaticn  cf  beth  principles  of  rocket  control. 
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fig.  0.6.  the  fores  of  the  trajectories  of  oitferent  ballistic 
■iseilcs:  a)  the  trajectory  of  the  ballistic  aissile,  which  starts 
froi  the  surface  of  the  Earth;  b)  the  trajectory  of  airborne 
ballistic  rocket. 


Fig.  0.7.  Standard  trajectories:  1 - winged  aissile;  2 - 
(lannlng/gliding  ballistic  cruise  aissile. 
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fee  example,  it  is  possible  to  itself  tc  present  A A guided  aissile 
<aq tiaircraf t guided  aissile),  in  the  work  cf  first  stage  cf  which 
the  action  is  realized  accctding  tc  the  pregraa,  which  assigns  the 
specific  fera  of  trajectori;  in  the  week  ,of  the  subsequent 
step/stages,  the  motion  is  realized  alcng  tie  trajectory  of 
deduction,  which  depends  cq  the  icticr  characteristics  of 
target/purpose.  Scheaatic  of  antiaircraft  guided  aissile  is  shewn  on 
Ei$-  0.1Q. 

tte  systeas  of  the  flight  control  cf  rockets  work  in  the 
aajccity  of  the  cases  according  to  the  principle  of  servo  systeas. 
This  principle  is  instituted  on  the  ccapariscp  cf  the  assigned  and 
actual  values  of  the  governing  parameter*  Tie  difference  between  then 
serves  as  the  source  of  the  error  signal  which  after  conversion  acts 
ca  ccatcols  of  flight  price  to  the  tcigue/acipeat  when  the  error 
signal  becoaes  equal  to  zerc. 

Considering  rocket  solid  body,  in  the  rest  general  case  it  is 
pcssikle  in  a specific  vaccer  tc  change  in  the  tine  of  the 
characteristic  of  its  aoticn  along  six  degrees  cf  freedoa.  In 
actuality  for  the  solution  cf  the  praotical  prchlens  to  control/guide 
action  characteristics  aloqg  all  six  degrees  cf  freedoa  it  is  not 
requised,  since  aany  parameters  cf  actici)  are  interconnected  between 
the ase Ives.  Far  exaaple,  changing  the  angle  between  direction  of 


A 


w»lcc*t,  rector  and  by  the  axis  of  rcchet.  at  if  possible  to  change 
in  ti,e  of  the  coordinate  ci  the  cettet  of  .ass  of  rocket. 
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Fig.  0.8.  the  winged  aissile:  1 - locator  cl  hoaing  system;  2 and  6 - 
egaipsent  for  control;  1 - warhead;  4 - fuel  task;  5 - wing;  7 - 
eustainer  engine;  8 - rudder;  9 - eqgiqe  nozzle;  10  ' booster  engine; 
11  - Sir  intake  of  engine. 


<E 
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Fig.  0.9.  Guided  aircraft  rocket  "Sidewinder":  1 - self-hoeing  head; 

2 - governing  controls;  3 - missile  tody  with  ergine;  4 - stabilizer. 

Fage  13. 

In  real  constructions  for  tie  governing  paicaeter,  is  accented  or  the 
angle  between  the  axis  of  rocket  and  any  krewq  direction  (cr  plane), 
either  the  position  of  the  center  cf  aass  cl  rccket  of  the  relatively 
( ta de ter ai ned  direction  of  notion,  or  acy  cttei  characteristic. 
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Bach  servo  system  ct  If.ET 


flxstitute  of  Metallurgy  im. 


A.  A.  taykcv]:  the  measuring  uevice,  which  determines  eigenvalue  cf 
the  governing  parameter;  tte  device  (unit)  ct  comparison  of  the 
assigmed  and  actual  values  cf  the  governing  parameters, 
ccnsumpticm/pioduction/generaticn  cf  the  error  signal  and  control 
commands;  actuating  elements  in  the  fern  fit  steering  organ/controls 
and  deives  for  then  (control  actuators).  Besides  these  oasic  parts, 
central  system,  have  various  kinds  the  amplifiers,  which  integrate, 
converting  and  coa pensa tor s.  The  hasic  correction  of  servo  systems  is 
directed  toward  a reduct icn/descen t in  the  ill  effect  of  the  inertia 
prapemties  of  systea.  Ecr  this,  with  the  formation  cf  control 
ccaaaad,  are  introduced  the  supplementary  signals,  proportional  to 
velccjty  and  the  acceleration  of  a change  ir  tte  governing  parameter, 
furthermore,  into  the  centre!  systea  are  iqtroduced  the  devices, 
which  lower  the  effect  cf  the  various  kinds  of  interference/ ja amings. 


In  accordance  with  twe  principles  cf  ccrtrclled  flight  presented 
subsequently,  let  us  divide  rockets  into  ccrtrclled  according  to 
(zcgzaa  and  controlled  according  to  guidance  method  into 
targefe/purpose. 


fhe  control  systems  car  be  also  divides  icto  two  large  groups  - 
into  artenomous  and  command  systems.  Under  autonomous  let  us 
umderstand  such  systems,  whose  steering  is  concentrated  on  board 
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rocket.  Track-command  guidarce  assotes  the  presence  of  tne  separate 
p.c  intj!itea  , which  develops  commands  and  which  transmits  uy  their  one 
ct  the  other  aethod  onbcard  of  rocket.  In  principle  autonoocus  and 
ccuand  systems  can  realize  prcgraimed  flight  and  flight  along  the 
trajectory  of  induction. 

Actonomous  systeas  fcr  prograiacd  Elicit  list  have  the  onbcard 
equipment,  which  determines  the  position  of  rocket  of  the  relatively 
pravigcsly  selected  coordinate  systea.  At  present  are  well  known 
autenpmeus  systems  with  gyrcsccpic  orientation. 
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Fig.  S. 10.  Antiaircraft  guided  aissile:  1 - stabilizer  of  first 
stage}  2 - first  stage  of  rccket;  2 - stabilizer  of  the  second 
step/stage;  4 -second  stage  of  rocket;  5 - rotary  governing  wing;  6 
naxhead;  7 - fuse. 

Cage  24. 


Ihe  gyroscope  or  the  gyroscopes,  esta fcl h/ jnst al led  on  rocket, 
realise  fixed  coordinate  systea,  relative  to  utich  is  determined  the 
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position  of  axis  of  rocket,  and  is  cstahl is fc/icstalled  its  deviation 
fecm  direction,  by  pcedeter lined  program;  gyroscopes  develop  the 
ericr  signal  which  after  ccrrversior  enters  the  steering 
cigan/ccntrols,  which  change  the  missile  teedirg  until  the  axis  cf 
racket  engages  the  positicf,  estab Jish/ins tails d by  program. 


Autonomous  inertial  system  is  called  the  system,  which  has  on 
heard  acceleration  pickups  (accelerometers) . The  integration  of  the 
ccntinucusly  measured  accelerations  in  the  cntcerd  computing 
equipment  makes  it  possible  tc  determine  the  velocity  of  motion  and 
displacement/movement  of  racket.  Curing  the  comparison  of  these 
values  with  programmed,  are  developed  .the  ccntrcl  signals,  are  known 
the  mixed  systems,  which  have  the  gyroscopic  and  inertial  sensors  of 
the  disagreenent/mismatch  cl  the  governing  parameters. 


Ihe  autonomous  control  systems,  which  realize  target  homing 
feithoat  the  predetermined  program  cf  metier,  must  have  devices,  which 
determine  automatically  the  position  cf  rocket  relative  to 
tar get/pur  pose  and  correspondingly  changing  heading.  Such  devices  are 
called  homing  heads.  The  source  cf  the  error  signal  can  be,  for 
example,  angle  e .between  the  axis  cf  rocket  and  the  direction  in 
target/purpose  (Pig.  0.11).  In  the  heads  cf  active  homing,  is 
utilized  some  ferm  cf  radiait  energy  these  source  is 
establish/installed  on  rocket.  The  reflectec  from  target/purpose 
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teaas  recover  by  self-bcainc  head  etc  are  ccnverted  into  steering 
impulses. 

■ith  the  command  ccntrcl  of  rocket  to  taccet/purpose  iron  the 
separate  pcint/itea,  ar racge/locattd  out  of  rocket,  is  determined  the 
relative  position  of  rocket  and  targctypurpcse.  Control  commands  in 
the  fprm  of  the  signals  are  accepted  cc  rocket,  they  are  ccnverted 
anc  are  transferred  to  actaating  detects.  iince  the  target/purpose, 
as  a rule,  does  not  fly  evecly  and  rect ilictarly , but  it  maneuvers, 
the  psccess  of  induction  ccrtinues  always  tc  damage  to  target. 


M 
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§4 • Special  feature/peculiarities  of  the  flight  of  projectiles  and 
■in  of  barrel  artillery  pieces. 


■spending  on  aethed  ct  stabilization  ip  trajectory,  the 
aasunitioq  of  barrel  artillery  pieces  are  divided  into  two  large 
groups.  The  first  group  - is  the  projectiles  cf  threaded/cut 
artillery  instruments,  thick  are  stabilized  in  flight  because  of  the 
high-spin  notion  qf  relatively  longitudinal  axis  (Fig.  0.12) ; second 
greep  comprise  the  unrotated  f in-statil iZed  projectiles  (mines)  (Fig. 
C.13.  The  initial  velocity,  necessary  for  citaiting  of  the  assigned 
distance  of  firing,  is  reacted  during  the  icticn  of  projectile  (mine) 
aleng  the  bore  of  artillery  piece  under  the  acticn  of  force  of 
pressmre  s did- reactant  gases.  Mcrtars  and  seme  threaded/cut 
artillery  instruments  (for  example,  howitzer)  have  the 
alter aating/variable  charge  because  cf  charge  in  which  is  changed  the 
initial  velocity  of  missile  and,  cc rsecuently,  also  the  firing 
distacce. 


the  projectiles  of  artillery  instruments  ere  supplied  with  the 
driving  band  (hands),  which,  cuttirg  into  irtc  the  screw  threads  of 
bore,  ccanunicates  to  the  driving/aoving  prcjcctile  the  necessary  for 
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fig.  0.12.  Ik«  projectile  qi  the  artillery  iaatreaeat:  1 - fuse;  2 - 
cathead;  3 * housing  of  aissile;  4 - tic  deities  hand. 


fig  0>  13.  Bine  of  aaooih-fcqte  aoctar:  1 - henaiag;  2 - warhead;  3 - 
fuse;  4 - bocater  charges;  5 - statilizer;  6 - tasic 
aaaunition/cartcid ge  of  pco(ellant  c targe* 
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fig-  0- 14-  Bccket  projectile  (IBS):  1 - fuse;  2 - warhead;  3 - rocket 
caaera/chaaber ; 4 -»  charge  cf  rocket  propellant;  5 - driving  bands;  6 
- rczlle  unit. 


fig.  9.15.  Scheaatic  of  trajectory  cf  active-reaction  projectile:  1 - 
ground-baaed  systea;  2 - antiaircraft  IBS. 

E*ge  27. 

is  known  the  aethod  of  the  ccakintd  rcpcrt/coaaunication  tc 
velocity  to  artillery  shell  (or  aipe).  this  the  so-called 
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acti ve-reacti ve  principle  of  aotiop.  Rocket  projectile  (ASS),  for 
exaaple,  A aerie an  127-aa  rocket  projectile,  cr  acti ve- reactive  sine 
U>B)  have  the  rocket  cater e/chaafcer , which  certains  the  charge  cf 
rocket  pr-opellant  (fig.  0.15).  During  charge  gun  burning  in  the  Lore 
cf  artillery  piece  ABS  (or  IBS)  is  ccaiuqicatec  initial  (muzzle) 
velocity.  During  ttje  burning  of  the  charge  cf  rocket  propellant  cf 
ABS,  is  obtained  an  additicral  increase  in  the  velocity.  Depending  on 
specific  conditions,  jet  eqcine  of  rocket  projectile  (mine)  can  he 
included  in  work  either  in  the  bore  cf  artillery  piece,  cr  at 
previously  outlined  poict  it  the  trajectory. 

the  trajectory  of  tctica  ABS  (cr  IRS)  is  represented  in  Fig. 

Cw  16.  Cceplete  trajectory  can  te  ticket  intc  three  section:  ON  - the 
tiee-(light  phase  froa  the  auzzle  cqd  face  cf  shaft  to  the 
coined tion/inclusi on  of  jet  engine,  KK  - a section  of  notion  while 
the  agtor  is  running  (active  secticq),  KS  - free  flight  from  the 
place  cf  the  end/lead  of  the  engine  operation  tc  inpact  point  (cr, 
with  Antiaircraft  firing,  tc  the  point  cf  irptnre  R) . During  firing 
cf  engine  in  the  bore  cf  artillery  piece  complete  trajectory  one 
should  divide/nark  off  intc  twe  section. 
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Chapter  I. 

CVEBA1L  THEORY  OF  THE  HC11CS  OF  BCCKE1S  ABC  ESCJECTILES. 

the  overall  theory  cf  the  notice  cl  ccckets  and  projectiles  is 
based  cn  the  known  theorems  of  the  classical  mechanics:  abcut  the 
motion  cf  the  center  of  mass  cf  body;  about  the  motion  of  the 
arbitrary  point,  which  belongs  to  bedy;  abcut  changes  in  the 
momentum,  of  moment  of  momentum  and  kinetic  energy  cf  body,  notion 
characteristics  are  detezaired  taking  into  account  the  rorward  motion 
cf  the  center  of  mass  cf  body  and  rotary  metier  relative  tc  the 
center  of  mass.  The  thecry  cf  the  metien  of  rockets  utilizes  concepts 
and  equations  of  the  dycaiics  of  the  betiy  cl  variable  mass.  The 
thecry  of  the  moticn  of  artillery  shells  is  based  on  simpler 
petitions  of  the  dynamics  ef  a rigid  bedy  cf  ccrstant  mass. 

luring  ballistic  calculations  the  rocket  ard  the  projectile  of 
artillery  piece  usually  are  accepted  as  sclid  urdeformaule  bedy. 
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§ 1.  fundamental  eguaticns  cf  the  dyraiics  cf  the  body  ◦£  variable 


the  body  of  variable  mass  is  considered  as  sum  cf  toe  pcirts  cf 
variable  mass.  For  the  body  cf  variable  mass*  icmentum  vectors  and 
■ oent  of  momentum  of  the  relatively  fixed  axes  cf  coordinates  are 
determined  that  on  the  fcticlas: 

n 

o,-2  u-d 

*-  i 

* = 2 (1.2) 

i-i 

Kinetic  energy  of  the  tody  of  variable  mass  is  egual  to 


r 

n~  Ztt~ 
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(n  the  given  formulas:  m,  - variable  tasc  cf  point  v at  the 
■cment  of  time  t;  v,  - velccity  of  point  v of  relatively  fixed 
ccerdinate  system;  e,  - radius-vectcr  cf  particle,  earned  cut  frcn 
the  beginning  of  fixed  coorcinate  systea. 


Utilizing  a concept  of  a change  in  the  mexentum  of  the  body  of 
variable  mass;  are  obtained  the  egvaticts  ci  the  forward  motion  of 
the  center  of  mass  of  rocket.  Utilizing  a etneept  of  a change  ir  the 


let  us  form  ap  equation  of  the  forward  mcticn  of  the  center  of 
mams  ff  rocket. 


in  the  general  case  let  us  examine  simultaneous  separation  and 
the  connection  of  particles  tc  the  basic  variatle  mass  of  body.  (As 
characteristic  example  of  tie  model  in  cuesticr  can  serve  the  mcticn 
of  flight  vehicle  with  jet  engine,  through  partition  diliuser  cf 
which  enters  relative  wind,  necessary  for  tie  engine  operation. 
Simultaneously  uith  air  intake  the  fuel  combustion  products 
escape/ensue  with  large  velocity  cf  engine  rcszle  back/ago,  creating 
thrust).  In  the  process  of  connecticr  and  separation  of  particles, 
the  mass  of  body  changes  continuously.  let  is  assume  that  the 
velocities  of  conqecticr  and  separation  of  particles  do  not  depend  on 
the  rate  of  the  motion  cf  tody. 


let  at  the  moment  cf  time  t in  question  tie  tody  have  mass  m ♦ d m ? 
and  it  moves  at  a rate  cf  v.  For  time  interval  dt,  the  mass  cf  body 
mill  change  because  of  tie  connection  cf  the  elementary  mass  dmt  and 
cf  the  separation  cf  mass  dm2  (fig.  1.1).  Itccrding  to  the 
hypothesis,  accepted  by  I.  V.  Beshcierskiy , the  connection  and  the 


i 
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separation  of  particles  cccurs  for  iolipitdiial  time  interval, 
similar  to  impact/shock.  After  connection  tie  particle  moves  with  the 
speed  cf  bulk  ct  bcdy,  arc  the  separate/litc rated  particle,  after 
obtaining  velocity,  immediately  lcscs  interaction  with  hulk  cf  bcdy. 
Ihis  the  so-called  hypothesis  cf  contact  in  ter  e ction . 

On  the  system  cf  three  nasses  ir  ccesticq  act  the  external 
forces  whose  resultant  IF  As  a result  cf  cooperating  between 
themselves  the  masses  ■,  dm,  and  dma  arc  urcer  tte  action  cf  fcrce 
ZF  the  velocity  of  the  ccqnected  mass  vedm,  will  be  egual  to  v*u». 
lk«  absolute  velocity  cf  the  motioq  of  mass  dm,  before  the  connection 
let  us  designate  u„  while  the  absolute  velocity  of  mass  dir2  after 
separation  - &»■ 

bet  us  find  a change  in  the  ncventua  ct  tie  system  of  masses  m,, 
dm,  and  dm2  in  time  intecval  dt  and  will  equate  to  its 
acientua/iapulse/pulse  cf  tte  external  forces: 

m(v-^dv)  — mv-f-dml  l(v-f~dv)  — uj-i-dml(w,  — v)  =^Fdt. 

Page  10. 

lisregarding  the  term  cf  the  second  orcer  cf  smallness  dm,dv, 
after  dividing  both  parts  of  the  equation  to  dt  and  after  conducting 
conversions,  we  will  oltaiq  the  eqiaticr  cf  motion  of  the  body  of 
variable  mass  in  the  form 
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YV=0,  (1.4) 

at  dt  dt 

cr 

(l.s) 

dt  dt  dt 

bet  us  note  that  during  the  separation  of  particles  froa  «ass  m 
derivative  itself  da2/dt  has  sinus  sign. 


if  we  designate  hew  this  it  was  conducted  by  1.  V.  Meshcherskiy, 
through  i,  y,  i the  projections  cf  the  velocity  c£  bulk  s cn  the  axis 
cf  rectangular  coordinate  syste*,  through  1,  ¥,  Z - projection  of  the 
resultant  cf  all  forces  cn  the  sane  coordinate  axis,  through  a , , pt, 
7,  - projection  of  the  speed  of  the  connected  particle,  and  through 
«2,  £«#  Ta  - the  projection  of  the  speed  of  the  separate/1 loerated 
particle,  theq,  by  projecting  eguaticn  (1.4)  cn  the  coordinate  axis, 
we  will  obtain:  ( 


(1.6) 


These  eguations  are  published  ky  1.  V.  Reshcherskiy  in  1904  and 

are  naaed  its  nane  cn  professor  A.  1.  Kcswcceniacsky 's  proposition 

£42].  Entering  equaticcs  (1.6)  teras  ‘tULLijc  — a.),  ^-(x—  a.)  and  so 

dt  dt 

fpxth*  X.  1.  Beshcherskiy  ctll/nased  crojecticjs  on  the  coordinate 
asfs  ff  "additionel/sur plus  force". 
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fig-  1.1.  Ihe  schematic  cf  a change  in  the  ease  of  the  system:  d - 
composition  cf  system  before  connection  and  separation  of  particles; 
b - composition  of  system  after  connection  end  separation  cf 
particles. 
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thus,  1.  V.  Heshcberskiy  showed,  that  the  equation  ci  motion  or 
the  bpdy  of  variable  mass  it  is  possible  tc  vrite  just  as  the 
equation  of  motion  of  the  tedy  of  constant  lass,  after 
imclude/copnecting  in  tie  number  of  acting  ierces  "additional  force". 


(i  we  in  (1.5)  designate  the  rela.tive  lelccities  of  the 
connection  of  particles  «.  — »"  and  the  separations  cf  particles 


U'OTM*  W » ~ 


then  this  equation  will  take  the  term 


m 


liV 


F 4-  .tmL  u ....  — dMl  — 


w..,„ 
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‘•t  dt  dt 

the  variable  mass  of  the  dr i v i qg/ icv i t g tccy  is  equal  to 


dff%1 

it 


It  there  is  no  cocntciicn  ot  particles,  i*c*#  \ dt~0.  then  of 


: dt 


(1.7)  we  will  obtain  the  egration  cf  metier  cf  flight  vehicle  with 

uteal  type  jet  engine 


m 


dv 

dt 


AV+j 


! l~ 


I 


4 


(1.8) 


Second  term  of  right  side  is  accepted  tc  call  reaction  force. 
Subsequently  let  us  desiccate  it  2/p. 

Bor  rectilinear;  actici)  cf  rccket  vertically  upward  I.  V. 
Reshcherskiy  gave  equation  ». 

mx=  —m«  + pT-~-wOTH  ~R(x),  '*-9' 

at 

where  g - acceleration  cf  gravity;  R(i')  - air  resistance. 


FCCTNQ1E  ».  In  this  case  vertical  axis  I.  V.  Meshcherskiy  designated 
Ox.  EtEFCOTNCTE. 

After  obtaining  eguaticn  (1-9),  I.  V.-  tcshcherskiy  did  not  open 
the  content  cf  tera  Pr-  after  call/naaing  fix  "pressure  gases"  [see 
further  obtaining  (2.115)]. 


Xn  the  nore  detailed  exaainaticn  cf  the  action  cf  the  center  cf 
aass  cf  rocket,  it  is  necessary  tc  keep  in  rind  following:  the 
fcrces,  which  act  on  rccket,  are  applied  tc  aissile  body,  at.  the  same 
ti*e  the  center  of  aass  cf  an  entire  systei  (hetsing  - 


i 
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fuel/prcpellaot  - gases)  it  is  loved  relative  tc  housing  because  of 

the  f 1 cm  cate  working  mediui/prcpe 1 1 ant  (burnout  and  the  outflcw  cf 

gases).  Let  us  designate  velocity  acd  the  acceleration  of  the  center 

cf  aass  of  an  entice  systen  in  aksclutc  notice  through  v and  a.  I 

( 

fage  12. 
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lhc  option  of  housing  and  rigidly  connected  with  it  pacts  (i.e.  and 
cf  that  point  cf  body,  ftci  which  at  the  giten  instant  it  coincides 
the  center  of  mass)  relative  to  fixed  coordinate  system  it  will  be 
Bcvable.  Velocity  acd  tie  acceleration  cf  the  center  of  Bass  of 

housing  iq  translational  notion  let  us  cesicnate  through  ,-e  and  a 

f * at 

! Velocity  and  the  acceleration  cf  the  center  of  lass  of  systen 

(housing  - fuel/propellant  - gases)  relative  tc  missile  body  let  us 
■ designate  through  vr  and  ar-  Fron  the  sechenics  of  the  body  of 

variable  nassw  it  is  kteve  that  the  product  cf  the  mass  of  body  for 
the  translational  acceleration  of  its  .center  cf  lass  egual  to  the 
resultant  all  external  and  reaction  forces,  which  act  on  the  body, 
i.n. 

J-VFp.  (1.10) 

Velocity  and  the  acceleration  of  the  icentcr  of  aass  of  rocket  in 
absolute  ncticn  are  respectively  ecual  to 

v — ve  ^vr\  a — a,~t-ar  r’,', 

where  w - an  angular  velocity  vector  qf  tabe  rotation  of  nissile  body 




i 

i 

f 
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cf  [relatively  fixed  coordinate  systea  (with  the  beginning,  which 

i 

coincides  with  the  center  cl  case).  ! 

i 

from  last/latter  equality  let  us  deteciioc  a,,  and  let  us  j 

substitute  in  (1.10).  Icga  is  the  equation  ct  action  of  the  center  oi 
■ass  $1  systea  housing  - t uel/prcpellant  - gases,  written  ir.  vector 
fera,  we  will  obtain  in  this  fora 

ma=  VF+  V?„-r  mar-r'2m(*X.vr).  (1.  11) 

Bhen  deriving  the  equations  (1.5)  aqd  (1.11)  it  was  assuied  that 
interaction  of  tasic  body  kith  the  ccnoected  or  separate/liberated 
particles  occurs  instantly,  similarly  tc  n y act/shock.  In  actuality 

I 

the  process  cf  cooperating  the  flight  .vehicle  kith  the  mobile 
connected  or  separate/liberated  gas  flees  is  acre  complex,  of  rockets 
kith  engines  on  liquid  and  solid  fuel,  the  se p aiate/libera ted 
particles  obtain  the  relative  velocity  even  in  the  combustion  chamber 
of  engine  to  the  torgue/ac aent  cf  the  output  cf  particle  for  the 
plane  cf  the  external  cross  section  cf  nozzle,  i.e.,  to  the  loss  of 
coomuaication/connecticF  kith  bulk  cf  iccket.  furthermore,  of  liquid 
fuel  rockets  combustible  and  oxidizer  they  arc  acved  in  the  process 
of  the  engine  operation  wittin  missile  body.  Curing  interaction  of 
the  dci ving/moving  flows  with  the  housing,  which  varies  in  transverse 
directicn,  appears  the  Coticlis  force.  Let  is  designate  it  in  general 
fera  through  Fmv  aad  will  write  the  equation  of  motion  or  the  center 
cf  aaas  of  rocket  taking  into  account  this  force 

ma  = V F + V F„  4-  F,„f  -f  ma,  + 2m  («  x vrl 


i 
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fcet  us  add  into  iast/latter  eguat.icn  ten,  that  considers  the 
transiency  of  the  notion  cf  gasses  within  rccket. 


Cage  33. 


Let  the  monentum  of  f uel/prcpellant  and  gases,  which  are  moved  within 
housing,  at  the  aoieot  cf  tiae  t he  eg-ual  tc  ?.»P,  but  at  tor gue/moment 
t*dt,  is  egual  to  9„,P+6gMp.  It  is  ctvious,  fcr  tine  interval  dt,  a 
change  in  the  aoaentua  of  acving  uasses  is  egacl  to  6?naP  and  the 
eguaticn  of  notion  cf  rccket  will  ke  writ tet  i®  the  sore  complete 


f era; 


;=\>  + V mar-\-'2m(u>xvr)-j--^- . tl-  12) 


lhat  ccaprise 

fc  rceu 


is  ccrventiorally  designated  as  variatior 


Buring  the  coapilaticq  cf  the  equations  cf  the  rotary  motion  of 
rccket,  is  utilized  the  ttecrea  akcut  a charge  in  the  moaert  of 
aoaentua  of  the  body  of  variable  Bass.  In  accordance  with  the 
ccrclisions  of  the  works  [31]  tiae  derivative  (1  the  tosent  of 
aoaentua,  calculated  relative  to  the  cartel  a cf  the  gasses  cf  body, 
during  the  acceptance  of  hyiothesis  abcut  ccntact  interaction  of  body 
with  the  rejected  particles,  is  deterained  ty  the  fcraula 
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(ifi 


at 


_ dm  - - 

e,  x — (»>xo.' 

at 


: 1.  13) 


there  Mr  and  — the  actant*  of  all  external  and  reaction  forces 
relative  to  the  center  of  aass;  ^ [c*X^  («Xo,lj*  aoaent  of  aotentum 
ct  the  particles,  reject/thrown  by  body  per  unit  tine,  in  their 
votioo  cf  the  relatively  rcr vaid/picgressi »e 1 y noved  unrotated  axes 
these  beginning  coincides  v it  h the  center  cl  xass  cf  rocket. 


the  given  fornula  does  not  consider  tie  action  of 
fuel/propellant  and  gases  vithic  iccket.  Fcr  the  account  of  this 
■ cticn,  oae  should  use  the  for  aula 

_^  = Af„  + Afp  + ^op+y  c,  x ~ (<*>  X g.)  j-f  • (1-14) 

t«  1 

Here  M - acaent  of  Ccriclis  forces,  detetiined  by  the  notion  cf 
fvel/p ropellast  and  gases  uithm  the  oscillctirg  rocket; 

■cient  of  variation  forces. 


dt 


Equations  (1.12)  and  (1.13)  are  explained  veil  by  the  principle 
cf  solidification  £13]- 


fage  14. 

Content  of  aissile  body  pcver-on  is  changed  in  tine  and  rocket  vill 
be  tht  systea  of  variable  ccnposition.  for  the  principle  of 
solidification  the  eguaticc  ct  notion  cf  tbe  body  of  variable 
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ccmpositior  can  be  writter  in  the  fed  c£  tie  equation  of  motion  c£ 
the  bgdy  of  the  constant  ccapositicg,  which  has  the  instantly  fixed 
(hardened)  aass.  In  the  nualer  of  forces,  kticb  act  cn  body  in  the 
torgue/qcaent  in  question,  are  included;  external  forces,  reaction 
forces,  forces  of  Coriolis  and  variation  fcrces. 


It  «as  above  noted  that  the  variation  forces  and  torg ue/mexents 
reflect  the  transiency  of  tie  action  of  masses  within  missile  body. 

However,  in  the  majority  of  the  cases  the  (recess  of  the  displacement 
cf  working  aediua/propellaqt  within  recket  can  be  accepted  as 

i -i 

gnasi-stationary  and  variation  forces,  ii)  view  cr  smallness,  net  tc 
ccrsiier . 


Coriolis's  forces,  caused  by  tbe  acticr  of  masses  within  fissile 
t,ody  and  by  its  oscilla  t icj)/  vibrat  ices , for  the  motion  of  the  center 
cf  mass  barely  have  effect,  coriclis's  forces,  which  appear  in  the 
examination  of  relative  icticn  cf  the  iccket  in  tne  connected  with 
the  Earth  coordinate  system,  have  ncticeatlc  effect  cn  its  flight 
only  with  tiring  at  velccities,  which  mxceed  wCCC-JOOO  a/s  and  will 
take  into  account  we  below. 


If  we  do  not  consider  the  named  secondary  factors,  tnen  the 
metien  of  the  center  of  mass  will  he  determined  by  equation  (1.8) 


;lv^g:r;\  * ■ • ij^* 
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They  very  frequently  wtite  the  eqeaticr  cf  lotion  ot  the  center 
ct  »aas  in  aaving  coordinate  systea  0x>y,?,.  connected  with  rocket,  in 
this  case  equation  (1.8)  is  converted  according  to  the  rule  ot 
passage  trca  fixed  coordinate  systen  tc  metric  and  takes  the  term 

*±-  , VF  (1.W1 

<tt  lit  JmJ  <Ld  * 

dV\ 

where  - derivative  gf  a vector  at  t£e  velocity  ot  the  center  ct 
lass  ft  rocket  in  eeving  coordinate  system. 


■T 


• or  any  rectangular  coordinate  systea  Ox,;/,*,.  beginning  by  which 
coincides  with  the  center  ci  mass  cf  flight  vehicle,  on  the  basis  ot 
it  is  possible  tc  write  three  scalar  equations  ot  notion  ct 

the  center  ot  aass  ct  tic  rocket 


. 

Vf,,  , 

i fpri  . 

Vxl 

* 

m 

t't,  + •/,«», 

— H 

* 1 m 

ZFP»I  . 
• 

m 

. 

»( 

ill 

where  v,r  i>„(,  v,t  projection  at  the  velocity  vector  of  the  center 

ct  aata  of  rocket  on  the  aiis  cf  the  connected  with  it  cco idinate 
ayatea;  «*<•  - projection  cf  the  angilar  velocity  vector  of 

the  cgtation  of  the  connected  (i-th)  cccrdicate  system  relative  to 
the  coordinate  systea,  also  dr iving/aoving  with  the  rocket  whose 
direction  of  axes  constant/ invariably  it  sface  coincides  with  the 
direction  of  the  axes  of  fixed  cocidinato  xyatea,  on  the  selected  i 
coordinate  axis;  V/-',,  V F, , V Fr  , , V the 
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projection  of  the  external  and  reaction  forces,  which  act  cn  flight 
vehicle,  cn  the  axis  of  the  system  cl  coordinates  ox.y.z.- 


Per  the  compilation  of  the  scalar  eguatic r.s  of  the  rotary  motion 
cf  rocket  relative  to  tte  axes,  passing  through  the  center  of  mass 
and  which  rotate  with  respect  to  the  rocket  with  angular  velocity  L* 
during  the  rotation  of  rocket  itself  with  angular  velocity  <»,  it  is 


necessary  to  ase  the  known  equation 

dt  dt 


(1.  17) 


•there  — - derivative  of  moment  of  mcaeqtui,  calculated  relative  to 

dt 

d*K  — 

filed  coordinate  systei;  — - derivative  cl  mcrent  of  inoaentur  K 

according  to  time,  calculated  relative  to  tie  i-th  system  cf 

cccrdi  antes  0xiy<2(. 


If  the  system  of  coordinates  0x,</,2,  is  $ct  moved  relative  to 


rocket,  then  w*=0  and 


— = — +ix/C. 

dt  dt 


ll.  18) 


The  projections  of  mcment  cf  acientum  K cn  the  axis  of 


ccardiaatea  arc  aqmal  to 

Kfl  [h  W 

where  J*,<  J’t  - the  acaenta  of  the  inertia  cf  rocket  relative  to 
aye*  -*iVi - «»  JMftii  thn  products  of  inertia,  determined 

relative  to  coordinate  planes. 


Buring  the  determicaticn  of  axial  and  deducts  of  inertia,  can 
be  taken  into  account  the  displacement  cf  tie  center  of  mars  of 
rocket  (origin  of  coordinates)  and  the  rotation  of  the  coordinate 
axes  relative  to  bedy  [26] 


« « 


Jx,  — m,  (///,  1 

*•  1 

«•! 

fl 

H 

J - V m,  (.V/v-7  //7**S 

J.u,.-  J Ulxt  — V mjc,, I/,,; 

v-1 

V*B  1 

n 

n 

ttxt—  v «**/.-*;.*. 

.-I  ’-i 


Obviously,  axial  and  products  cf  inertia  it  the  process  of  the 
operation  cf  engine  and  action  of  rccket  will  le  the  varialle  values, 
vhich  depend  cn  tiae. 


The  equations  of  rotary  actict  relative  tc  the  center  of  mass 
let  us  trite,  utilising  fcrxulas  (1.18)  anc  (1.19),  assunmg  that  the 
flight  vehicle  is  symmetrical  relative  to  longitudinal  axis.  For  an 
axially  symmetrical  body  the  products  cf  inertia 

yri,i=y„;;=o 

and  of  the  equation  of  rotary  aoticn  take  t(e  fere: 


J,»  , -K/r,  -LV*|'  = iMM  + "'W  I1'  2111 
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The  right  sides  of  the  eguaticqs  contain  the  projections  cf  the 
sui  of  icisots  with  respect  tc  the  center  ct  las s of  all  forces, 
which  act  cn  rocket,  on  the  appropriate  coordinate  axes.  The  acnents 
cf  CoEiclis  forces  and  the  supplementary  tciqae/moment,  determined  by 
the  displacement  of  the  center  cf  «ass  cf  the  rccket  relative  to 
tod y,  during  the  soluticn  cf  many  ballistic  preileas  in  view  of 
saallncss  arc  net  considered. 

It  we  the  aoving  axes  cf  cccrdicates  ccatine  with  principal 
central  inertia  axes  Ox, 9,2,,  then  the  equations  cf  rotary  motion  take 
the  fqra  of  ttye  dynamic  equations  cf  Imler: 

!,)•*: +AfPXl; 

J »,*Vi  ~H^xi  — ""Mf,  -f-  (1-21) 

■+•  (J  x,  — Jx,)*x,*x, 

let  us  exaaine  the  theorem  abcut  a chance  in  the  kinetic  energy. 

Page  37. 

Kiqetfc  energy  of  rocket  as  bodies  cf  variable  composition  is 
determined  by  the  sua  of  kiretic  energies  ci  the  points  cf  the 

variable  coapositioo 
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Utilizing  equality  v,=  v-j-vVl  after  conversions  it  is  possible 
tc  obtain  £ 26  ] 

r,  = rTy-mw(,  1 1.22) 

where  a - mass  o£  the  instantly  hardened  rccket  at  the  moment  cf  tine 
A.  « 

wi  m ^ n v 2 

t,  yi  T=\  - " - kinetic  energy  cf  the  systei  of  the  material 

joints,  which  belong  to  rocket,  in  its  aoticn  relative  tc  the  center 
cf  aats. 


The  center  of  mass  cf  rocket  is  acved  relative  to  ood y and  in 
■ any  instances  proves  tc  be  convenient  to  ceteriine  kinetic  energy  cf 
the  rocket  through  the  velccities  ir,  scvable  and  relative  motions. 
SiGce  v = u,+  vr,  theq 

t _r-r._^i£ !___ si'A.  0.28) 

In— 'i"  2 2 

lijus,  kinetic  energy  cf  rocket  in  its  absolute  motion,  besides 
1,  certains  a difference  in  the  kinetic  energies  of  the  center  cf 
■ass,  which  possesses  tie  «ass  cf  tte  irstartly  hardened  rocket,  in 
its  movable  and  relative  scticqs. 


Ihe  differential  of  kiretlc  energy  of  tte  tedy  of  variable 
ccaposition  can  be  ebtained  by  direct  differentiation  of  equality 

<1-3)4 


/ « 


dTm=d 


S*hS*+S-~ 


(1.24) 


Bale  right  and  the  left  of  part  tc  dt*  we  will  obtain  seccim 
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Uu  pf  the  right  side  cf  the  last/latter  ecuality  in  this  fcm: 


Uge  J6. 


2 

*•1 


at 


According  to  the  Heshcterskiy  eguaticr  for  the  point  cl  variable 
■ass,  the  equation  cf  acticc  of  particle  v takes  the  form: 

dt 

■here  - resultant  of  the  exterral  active  fcrces,  applied  to  point  v; 

A*.  - resultant  of  all  internal  effective  fcrces,  applied  tc 
point  v;  - the  reaction  force,  applied  to  pcint  v. 


lisregarding  the  action  of  internal  fcrces  and  carrying  out 


repiaceaeat  in  (1.24),  ve  will  obtain 


dTu 


at  T 


dS  ,_1  •” 1 

Representing  where  dS,  - elementary  path  of  particle  m„  and 


dt 


returning  to  differentials,  let  us  have 


</rn  = M,+  M,  + , (1.25) 

■here  M,  end  ^ -i  eleaentary  works  of  the  citcrnal  and  reaction 
forces,  applied  to  rocket. 


last/latter  tera  of  right  side  - kinetic  energy,  determined  by 
the  intensity  of  a change  in  the  aass  cf  tfce  points  m„  which  belong 
to  body,  and  by  their  absolute  velocities. 
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Kinetic  energy  of  rocket  is  exasir^ed  also  khen  they  compile  an 
equation  of  the  motion  cf  rocket  in  generalized  coordinates.  If  the 
position  of  the  body  of  variable  mass  ,is  determined  by  the 

independent  generalized  coordinates  q,r  q* , qs  and 

r,=  r,(9„  <?j,  q3, . . qs,  ‘ '• 

the  eou.it. i on  of  :,.ot'on  can  be  written  in  the  fo  m of  a Lagrangen 
equation  of  t'~-.  .c'.nd  kind  [31]  d I dr„  \ dT«  n ip, 

dt  \ 0<j\  / d?1  _Vl  “ 

d I dTn  N dT  _ Q ! p . 

dt  ( ) d?2  **  (1.26) 

I 

A I \ dT  _ n i p_  I 


Q.=  \ ^ j ) 

where  ’ dq  ~ the  generalized  force,  determined  by  the  external 

^ -m  j _ 


acting  factors  ( 


. tm„  — dv . 

a = 1,  2,  S;  P'—  > w,— 


the  generalized 


force,  determined  by  the  inflow  of  sechaqiccl  energy  to  the  hardened 
tcay  pf  variable  mass  dicing  the  rejection  cf  particles. 


lace  39. 


The  latter  is  easy  to  shoe,  if  we  replace  w,=  >(t i tv  Then  the 

function,  which  characterizes  the  inflow  of  secfaanical  energy,  is 


equal  to 


n = Vi(0—  — 

* 2 


§2.  Fundamental  equations  cl  the  djcas.ics  cf  the  body  of  constant 


/ 
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The  notion  charact er istics  of  rcckets  (cr  inactive  leys),  cf  irin 
and  projectiles  of  barrel  artillery  pieces  are  determined  on  the 
basis  cf  the  overall  dependences  of  the  dyccaics  of  the  solid 
undefqc sable  body  of  the  ccistant  lass,  which  are  special  cases  of 
the  given  abcve  dependences. 


The  equation  of  aotioij  of  the  center  cf  aass  of  the  projectile 
cf  constaqt  mass,  writtec  ir  sector  fcrm,  takes  the  form 

dt 

The  equation,  which  determines  the  derivative  of  moment  of 
icnentui,  let  us  write  cn  the  basis  (1.13)*  after  drop/omitt irg  in 
right  side  all  tocque/ncxects,  except  the  sis  cf  the  moments  of 
external  forces  relative  to  the  center  cf  less 

1 1.  271 

dt 

For  the  system  of  coordinates  ox,y,zt,  cf  the  combined  with 
principal  central  inertia  axes,  equation  of  the  rotary  motion  cf  the 
projectile  of  constant  lass,  they  will  te  written  in  the  ion  of  the 

usual  equations  of  £ulec 


Jx,  •*,  +(•/«,  — •/*.  1 «*<-,  2 M r, ; 

+(Ji ,,  — =V  Mr.. 


\ 1.28 


Page  40. 
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In  right  side  are  vritten  to  the  projection  of  the  moments  cf 
all  external  forces  cn  the  appropriate  coordinate  axes. 


in  the  examination  of  the  motion  cf  the  projectile  of  the 
relatively  moved  in  space  system  cf  coordinates  Qx,y,:,  they  use  the 
vector  equalities 

:W  I 1 . 29) 


and 


•i  ("»'<) 

Jt 


,/K 

dl 


iu  x mv,= 


t®XA'=  V.tj. 


1 1. 30* 


Kinetic  energy  of  projectile  iq  its  rotary  motion  relative  tc 
the  center  of  mass  can  re  expressed  through  the  moments  of  the 
icertfa  of  projectile  and  projecticq  of  the  instantaneous  angular 
rate  <;£  rotation  of  projectile  on  the  appropriate  axes. 

T—  -^-\Ap*  -■  Bq*--  Crl|.  (1.31i 

vhcre  A=JZt,  B = C = J,Xl  - ter  que/  adepts  cf  the  icertia  of  projectile 
cf  ita  relatively  principal  axes  of  inertia  x,,  y,,  zl  ; p,  g,  r - 
prcjection  of  the  vector  of  the  instantaneous  argular  rate  of 
cctaticn  of  projectile  cn  the  ranee  axes. 


Since  the  torgue/mcaerts  of  the  inertia  of  projectile  of 
relat4vely  equatorial  axes  are  identical  ( A = E) , the  last/latter 
eguality  can  be  rewritten  ir  this  fern 

T=~\A\P-rq'  ■ Cr*\. 


(1.32) 


I 


s'  r 


occ 
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Cueing  the  compilation  of  the  differertial  equations  of  the 
i.ctary  motion  of  projectile,  frequently  i.s  xtilized  the  equation  of 
Lagrance  in  generalized  coordinates  (equation  cf  Lagrange  of  2 
ki$dsl,  which  in  this  case  takes  the  fees 

- — = Q,.  (1.33) 

dt  \ dqt  dqi 

Is  significantly  simplified  also  dependence  (1.25)  for 
calculating  the  charge  in  the  kinetic  ererc^  cf  missile  is 
reccrd/wr itten  in  the  fern 

dT„=*AF.  (1.34) 

Eage  *1. 


Chapter  II. 


fCBCLS  AND  MOHENTS,  KHICK  ACT  CN  ECCKEI  AN  £ PBOJfcCTILE  IN  FLIGHT. 

Ite  acting  09  rocket  forces  aid  moment*  can  he  conditionally 
divided  into  external  acd  irternal.  Ic  external  relate  forces  and  the 
tcrque/mcments,  produced  by  the  effect  cf  environment  - aerodynamic 
fences  and  tor gue/aoments  and  forces,  deteriined  by  the  effect  of  the 
Earthy  Under  the  effect  cf  the  Earth  s vise c ten 1 1 y,  let  us  understand 
combined  action  on  the  rocket  (in  the  examination  or  its  relative 


L 
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■ctico)  of  the  gravity  force,  the  centrifugal  inertial  force  and 
Coriolis's  force,  determined  by  the  rotaticr  cf  the  Earth.  To 
internal  can  be  attributed  forces  atd  tie  tcigue/moments,  determined 
by  the  separation  of  mass  from  rocket  (i.e.  reaction  forces  and  their 
torque/aonents}  and  caused  by  the  displacecent  cf  work  substance 
(f uel/propellant  and  gases)  witbir  fcedy  (Cciiclis  forces,  which 
appear  during  the  oscil  la^icn/ vibrations  of  rccket,  and  the  variation 
forces,  which  are  exhibited  during  the  unsteady  notion  or  masses 
within  tody,  and  their  ter que/momen ts) . Last/latter  three  factcrs  are 
usually  related  to  secondary  (supplementary)  factors. 

Ccntrcl  forces  and  tor que/ccnents,  depitndjrg  on  tho  principle  cf 
operation  and  construction  cf  ccntrcl  devices,  can  be  referred  also 
tc  external  and  to  internal,  and  also  they  cap  te  exhibited  during 
the  cpubined  action  of  internal  and  eevirer lertal  factors.  The 
unguided  rockets  and  projectiles,  it  is  logical,  are  not  tested  the 
effect  of  control  forces.  Ct  projectile  and  mine  of  barrel  artillery 
piece*  act  only  aerodynamic  forces  and  tor c te/i cmen ts  and  the  forces, 
deteraiced  by  the  effect  cf  the  Earth. 


The  combined  action  cf  all  forces  in  tie  process  of  flight  on 


rccket  or  projectile  dees  net  sake  it  possible  tc  isolate  and  to 
deteraine  experimentally  the  value  at  each  cf  them.  Therefore  in 
engineering  practice  during  the  calculated  end  experimental 
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determination  of  each  pf  the  acting  factors,  is  accepted  the 
saperpesitien  principle  cf  forces  (principle  cf  superpositions).  In 
the  majority  of  the  cases,  the  thrust,  aerccynamic  and  variation 
forces  are  calculated  aid  they  ace  experimertally  determined 
independently  of  each  other.  So,  thrust  is  cetermined  under  bench 
renditions  with  fixed  engine,  i.e.,  in  the  etsccce  ot  aerodynaiic 
forces;  aerodynamic  forces  are  deteriined  e iperimentally  in  wind 
tucnels  or  with  the  firing  cn  ballistic  routes  projectiles  or  the 
models  of  rockets  with  the  shut-dewe  engine. 


Pace  02. 


Application/use  of  this  method  fer  determining  the  forces  gives  the 
acceptable  fer  practice  accuracy  of  results. 


the  study  of  the  mutual  effect  cf  reactive  and  aerodynamic 
forces  is  the  ot  ject/sufc  ject  cf  special  investigations.  As  examples 
can  serve  testings  cf  the  rccket  cr  its  model  pewer-on  rn  wind  tunnel 
ce  aerodynamic  rail  car  or  with  tiring  cn  irllistic  route.  The 
setting  of  similar  expetimerts  is  very  complex,  it  requires  long  time 
and  considerable  material  expenditures. 


the  senses  of  the  vector  of  fcrccs  anc  ter que/moments,  which  act 
cn  rocket  cr  projectile  in  flight,  are  different:  the  thrust  ot  main 
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engine  acts  iq  the  X direction  ct  rccket  oi  close  to  it;  the 
direction  of  aerodynamic  force  depends  on  tie  angle  between  vectors 
of  the  velocity  of  the  center  ct  mass  and  tie  axis  cf  rocket  or 

prajeatile;  the  gravity  direction,  as  a rule,  dees  not  coincide  with  ] 

two  pireced  ing/previous  and  so  forth.  Therefore,  in  the  general  case,  j 

* 

I 

for  performance  calculation  of  the  action  cl  the  rockets  and  j 

e 

projectiles,  soluticn  cf  aexodyraiic  tasks,  gsestions  of  strength,  ] 

i 

stabi 1 nation  and  control,  determining  experimental  motion 

i 

characteristics  with  firing  and  fox  ether  tar gc t/purposes  it  is  ] 

I 1 

necessary  to  apply  different  coordinate  systems.  During  the  soluticn  j 

1 

cf  more  complex  problems,  are  utilized  together  several  systems,  j 

during  the  solution  of  simple  - ere  cr  two. 

§1.  SX STEMS  OF  COORDINATES  IND  ANGIES  FCR  £ FTEEHINING  TnE  POSITION  OF 
ThE  FIXING  BODY  IN  SPACE. 

1 


the  position  ct  rocket  as  solid  fcccy  is  determined  by  three 
linear  coordinates  and  three  angles.  Is  a rile,  the  system  of 
differential  eguatiens  cf  metien  they  are  written  in  right-handed 
coordinate  system.  For  calculations  scat  frequently  are  utilized 
rectangular,  cylindrical  and  spherical  coorcinates.  m experimental 
ballistics  of  the  coordinate  system  ter  determining  the 
three~diaensional/space  aircraft  attitude,  they  are  selected 
depending  on  the  method  of  the  instrument  realization  ot 


\ 
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■easureaents. 

fee  the  solution  of  questions  of  tie  theory  of  the  flight  cf  the 
flight  vehicles,  driving/ ic vi eg  in  the  field  cf  gravity,  most 
frequently  are  utilized  the  following  coordinate  systems: 
terrestrial,  connected,  half-ccnnected,  higt-sf eed/velocity  (flow) 
and  half-speed. 

they  usually  utilize  several  varieties  of  earth-based 
coordinates  system. 

Cage  *3. 

For  the  beginning  of  earth-tased  coordinates  system,  can  be  accepted 
the  center  of  mass  of  tte  Earth,  the  launching  joint  or  another  fixed 
relative  to  the  Earth  point.  Let  cs  designate  terrestrial  rectangular 
coordinate  system  O.v , 

in  the  fallowing  presentation  this  systen  let  us  use  trore 
frequent  than  others,  hot  the  index  "2"  in  a series  of  the  cases  let 
us  ci|t.  “the  axis  cf  ordinates  On,  is  fceadec  cc  a radius  of  the 
Earth*  other  two  axes,  ccaprisiag  right  systea,  can  be  directed 
convenient  for  conducting  cf  ccncrete/speciiic/actual  investigation 
ty  torn.  hx  is  O.v  a cat  frequently  is  headed  for  tar  get /pur  pose  cc  in 


lot  detecmining  the  position  cf  rccket  or  aerial  target  relative 
tc  the  surface  of  the  fcerth  fceguertly  is  ttilized  topocentric 
spherical  coordinates  (Fig.  2.2). 

Eage  44. 


lh«  position  of  the  center  cf  lass  cf  iccket  (target/p urpose)  R is 
detecained  by  the  value  of  rad ius- vector  r,  called  sometimes  slant 
range*  and  tvo  vectorial  angles;  azisutb  A,  calculated  clockwise  ir 
local  horizontal  plane  cfi  direction  in  north,  and  by  tne  angle  of 
elavation  r,  calculated  in  vertical  plane.  Curing  the  compilation  of 


equations  of  aotiop  in  spherical  coordinates  it  a series  of  the 
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eases,  is  aoce  convenieit  lee  the  preservaticn/retention/maintaining 
of  thd  unity  of  th«  reference  directions  of  angles  in  horizontal 
plane  instead  of  the  aziauth  A to  introduce  argle  A,= — A.  In  this 
case,  in  Fig.  2.2  by  cccrditate  surfaces  of  spherical  coordinates 

thay  Mill  be:  sphere  with  ^ radius  cf  r,  the  vertical  plane,  passing 

thicugh  radius  r,  and  a cogs  with  apex/vectex  at  point  0 and  the  apex 
angle,  equal  to  18Q°  - 2e.  The  coordinate  lines:  (r)  - are 

direct/straight  of  radius-vector;  (e)  - circumference  of  the  great 

circle  cf  sphere,  passing  through  the  given  point  H;  (A)  - 
circuaference  froa  the  cross  section  of  sphtre  ty  the  plane,  parallel 

to  tht  plape  0x3z3,  passing  through  the  giren  point.  The  coordinate 

axes  Ci],  [e]  *“4  [A]  the  curvilinear  coordinate  system  are 

targential  to  coordinate  lines. 


Transfer/transition  frea  the  axes  cf  curvilinear  spherical 
coordinates  to  the  axes  cf  terrestrial  systea  0x3y3z3  is  realized 
with  the  aid  of  Table  2.1. 
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tta jeatcries,  the  earth's  axis  0//;t  is  arr a r c e/lccated  vertically,  but 
axis  <h  - it  is  horizontal.  Fregueqtly  with  the  joint  ilat/plane 
iaage  cf  the  missile  trajectories  aqc  the  earth's  surface  the  axis 
Of'.,  ■ passing  through  the  center  of  the  Earth  and  the  place  ot  start, 
they  conditionally  depict  vertically  vithout  depending  on  real 
geographic  latitude  of  tie  place  ot  start 


I 


! 

I 


If 


} 
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luring  the  solution  of  tuc-diiensicnal  prctlens,  connected  with 
peifcssance  calculation  cf  the  metien  cf  tie  lepg  range  ballistic 
aissiies  and  Earth  satellites,  they  use  terrestrial  polar  coordinate 
system  (Fig.  2. J) . The  position  of  the  center  of  mass  of  rccket  in 
this  case  is  determined  by  radius  r and  by  the  vectorial  angle  *, 
calculated  in  the  plane  cf  craving. 

Jn  some  two-dimensional  problems  cf  the  tlecry  of  flight,  can  be 
used  also  curvilinear  coordinates,  for  thei  coordinate  lines  they 
will  be:  the  circumference  A\,  on  the  surface  cf  the  Earth,  which 
passes  in  range  plane,  and  the  part  cf  the  radius-vector,  carried  cut 
from  the  center  of  the  Earth,  between  the  center  of  mass  of  rocket  b 
and  the  conditional  surface  cf  the  terrestrial  sphere,  determined  by 
a rad4«s  r3  (Fig.  2.4). 


Ccamunication/connecticn  between  the  coordinates  of  curvilinear 


and  rectangular  earth-based  coordinates  system,  with  beginning  at  1 

i 

t 
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launching  pcipt  is  visikle  itct  Fig. 


fceijce 


1 A*3  — //,  )*  = i A\  -+■  //  j 2 - xi . 


'U 1 I A’a  f ^3 -r  -v:<  — 


kh«re  4 - vectorial  angle  in  degrees. 
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Fig.  2.3.  Terresttial  pclar  coordinate  systes. 

Fig.  2.4.  Flat/plane  curvilinear  coordinate  systea. 

Cage  46. 


Frca  Fig.  2.4. 

jr 

>1'  r ~ . 

*3  * -"a 

It  vectorial  angle  is  given  in  radians,  tier 

,HO 

— /\x<  = K&v»- 

Breguently  is  utilized  the  terrestrial  tcpccentric  rectangular 
starting  systea  of  ccorciiates  0a3c  ,,a , c3il  (Fig.  2.5).  The  beginning 
cf  the  starting  coordinate  systea  is  determined  by  the  position  cf 
laupcher  and  coincides  »ith  the  certer  cf  less  cf  the  rocket, 
flight-ready.  In  this  case,  coordinate  axis  0 y3c  is  directed 
vertically  upward,  and  axes  0.vTc  and  0r3c  Lic/rcst  in  the  plane  cf 
starting  hcri*ob/l€*el#  tte  axiso*3(.  indicating  the  line  of  fire. 
Vertical  plane  </3.r0x3e.  passing  threugh  the  vector  of  the  initial 
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velcc^ty,  is  called  the  place  cf  lease biug/s tar  ting  or  firing  and 
scaetiaes  - by  the  plape  cf  casting,  lie  position  of  the  plane  cf 
launching/ star ting  relative  to  the  Earth  is  deterained  by  launch 
aziautb  or  by  the  aziauth  cf  firing. 


the  connected  (mobile)  coordinate  system,  designated  Ox1y1zi>  is 
rigidly  connected  kith  rocket  and  i$  aoved  together  with  it.  The 
origin  of  coordinates  is  usually  arrange/lcc ate d in  the  center  of 
aass  «f  rocket.  One  of  the  axes  of  coordinates  (Ox,)  it  is  directed 
alerg  axis  of  rocket,  remaining  two  - it  is  perpendicular  to  axis  Ox, 
and  tg  each  other  so  that  they  comprise  right-bended  coordinate 
system. 


1 

1 


V*-~" 


Fig.  2.5.  Top ©centric  starting  coordinate  systca. 


Fi-g.  2.6.  Diagraw  of  nutual  layout  ct  cc qnectec  and  earth-based  ; 

j 

coordinates  systee  with  ccatined  origin  of  coordinates.  , 

i : 

! i 

i i 

Keys  |1).  North.  (2).  Xargct/purpcse.  ( 

; ; 

Page  41- 

If  zoeket  is  carried  out  according  tc  aircraft  ccnf iguraticn,  then 
cue  of  the  axes  of  body-fixed  sys tea  (Gxt)  it  is  directed  along  the 
airfofl  chord  of  wing,  anc  another  pcy:1)  s perpendicular  tc  it  in  the 
plage  cf  the  synaetry  of  rocket. 


fn  the  half-connectec  coordinate  aystei,  cne  of  the  axes 
coincides  with  the  projection  of  velocity  vectcr  on  the  plane  of  the 


i 
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syaaekiy  of  flight  vehicle*  two  otters  lie/rcst  at  the  plane, 
perpendicular  to  t$e  projection  of  veLccity  vector  on  the  plane  of 
the  syaaetry  (one  it  is  directed  alcng  the  intersection  of  planes, 
another  supplements  systes  to  right). 

Bigures  2.6  shows  the  diagran  of  autuel  layout  of  connected  and 
earth-tased  coordinates  syslea  with  the  ccaiincd  origin  of 
coordinates.  Axis  oxt  is  directed  alcng  axis  of  rocket,  axis  Oy, 
lic/rests  at  its  plane  of  synnetry,  axis  02t  is  directed 
perpendicularly  to  plane  XiOyi-  the  angle  tetween  the  axis  of  rocket 
and  its  projection  (Ox*)  oq  horizontal  plait  cells  pitch  angle  I.  Are 
distinguished  the  pitch  angle  with  respect  tc  starting  (horizontal) 
plane  and  the  local  pitch  angle,  seasoned  »ith  respect  to  horizontal 
plane*  which  is  located  at  given  tergue/aoaent  under  rocket.  This 
separatioq  it  is  expedient  tc  consider  during  deternining  of  the 
notion  characteristics  cf  the  rockets,  intended  for  a firing  tc  long 
ranges  The  angle  between  the  projection  of  axis  cf  rocket  (Ox*)  on 
hcrizgntal  plane  a.nd  the  terrestrial  cccrdirate  axis  o,vt  is  called 
the  y*w  aqglc  V-  For  sene  rockets,  far  exaeplc,  ballistic,  the  yaw 
aegle  is  dateraiaad  depending  on  the  instruient  realization  of 
■easuccaeqts  or  in  the  plane,  perpendicular  to  range  plane  and 
passing  through  the  axis  of  rocket  or  the  velocity  vector  its  center 
of  aaas.  If  the  yaw  angle  it  the  irclised  plane,  passing  through 
Icagitudiqal  axis  Ox*  of  axisyaaetric  rccket,  we  designate  through 


*"•  then  of  Fig.  2.7. 

sin  4>„=sin  $cos  8. 

It  is  obvious,  with  8=  0 we  till  obtain  that  Rith  Ion  the 

pitch  angle,  aeasurcd  is  the  vertical  plane,  passing  through  the  axis 
of  rocket,  is  close  to  the  appropriate  angle,  aeasured  in  range 
plages  The  rotation  of  the  rocket  of  relatively  longitudinal  axis  is 
detcrained  by  attitude  ct  cell  j,  i .e. , by  the  angle  between  the 
c,ccnected  coordinate  axis  Oji  and  the  axiis  Oy1*  in  the  vertical 
plane#  passing  through  the  axis  of  rocket  {see  Fig.  2.6). 


3 


I 


ICC  m 78107102 


PAGE  ite- 


Cl 


VI 


guest pc q precession  angle,  in  this  case,  aais  Gy  Hill  occupy  position 
Cy • , and  axis  oz  - position  czt.  Xfcf  second  cotction  is  realized 
relative  to  os  Oz*  to  t|e  angle  d,  called  actation  angle,  in  this 
case,  axis  Oy*  Hill  occupy  {ositioi  Cj**a  and  aais  Ox  - position  Oxt. 
The  third  rotation  is  realiaed  relative  to  cs  Cx,  to  the  angle  *, 
called  the  angle  of  spin,  as  a result  of  uhich  axis  Oy " Hill  cccupy 
position  Ofi,  and  axis  Oz*  - position  Cz^ * kith  respect  to 
cartb~fcased  ceordinate  systes,  the  pcsitiop  cf  the  axis  of  projectile 
is  deternined  by  the  pitch  angle  • and  ly  tic  yan  angle  V Angle  ♦ 
ccrresponds  to  attitude  cf  toll  ). 


!' 
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*ig-  2.8.  Soheaatic  of  the  eagle*,  a kick  determine  the  position  of 
the  rotating  projectile. 

Page  89. 

in  the  high-speed/ velocity  (flow)  systea  cf  coordinates  Oxyz, 
cae  of  the  axes  coincides  sith  the  sense  of  the  vector  of  the  flight 
speed  cf  the  center  of  sass  of  rocket,  another,  to  it  perpendicular, 
lie/rests  at  the  plane  of  the  syaaetry  of  flight  vehicle.  As 
preceding/ previous,  the  high-speed/ velocity  cccrdinate  systea  is 
right  rectangular  systea  end  is  utilized  usually  during  the  study  of 
the  p&enoacna  of  the  flcv  aicund  bodies.  High-speed/velocity  systea 
is  connected  with  velocity  vector  sqd  is  acved  together  with  it 
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during  the  aotion  of  rocket.  During  the  %tucy  cf  the  phenomena  of 
flee  |n  the  turned  notion  (xodel  is  fixed,  ard  11cm  loves)  this 
coordinate  systea  is  fixed  ard  cue  cf  its  axes  it  is  directed  along 
the  velocity  vector  of  the  xndisturfced  flaw. 


in  the  half-speed  coordinate  systes  ore  cl  the  axes,  just  as  in 
high-speed/ velocity,  it  ccincides  vith  velocity  vector,  another  is 
directed  perpendicularly  to  it  and  lie/rest  £ at  vertical  plane,  the 
third  axis  is  directed  tcriicntall y. 

figures  2.9  shows  the  ciagras  cf  the  actual  layout  of 
high-speed/velocity,  half-speed  and  earth- l«.t€c  coordinates  systea 
kith  She  combined  origin  cf  coordinates.  Axis  Cx  is  directed  alcng 
velcc|ty  vector,  axis  Oy  lic/rests  at  the  plane  of  the  symmetry  of 
flight  vehicle,  axis  02  is  perpendicular  tc  plane  yCx. 

The  position  cf  the  ligh-spee d/velccity  systea  of  coordinates  of 
the  relatively  coabined  terrestrial  systea  is  determined  by  three 
eagles  vp  and  »;  6 - slcpe  angle  tc  the  facrizon  the  tangent  to 

trajectory  (angle  hetueen  vectors  cf  spaed  and  local  horizontal 
plena};  XV  - angle  of  ictaticp  cf  tiajactcry;  v - attitude  of  roll 
c|  the  high- a peed/ velocity  coordinate  systaa. 


Axis  Qy*  of  the  half-speed  coordinate  systea  lie/rests  at  the 
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vertical  plane,  passing  through  the  velocity  vector  v,  the  auxiliary 

a^xis  dx*,  vbich  lies  at  horizontal  [lane,  and  the  vertical  axis  °Pa 

of  coshined  earth-based  coordinate  systea.  Jxis  Cz*  of  the  half-speed 

coordinate  systea  lie/ rest*  at  the  hctizoatel  plane,  perpendicular  to  ■* 

plane  x'Oy*  . Passage  tc  half-speed  systea  fees  coabined  earth-based  * j 

coordinate  systea  ia  realized  via  the  ccqsccntivc  rotation  of  the 

latter  at  angles  <p  and  8.  Half-speed  systea  coincides  with 

kigh-a peed/velocity  shea  Yc-0.  ] 

• 

I 


p 


I 


I 

f 


fig.  2.9.  Diagram  of  the  autual  layout  cf  fciyh-speed/velocity. 


balf-ifeed  and  eartb-based  coordinates  systex  kith  toe  confined 
origin  cf  coordinates. 


Cage  SO. 


Ihe  projections  of  velocity  vector  on  tbc  axis  of  earth-based 


coordinate  systea  are  of  vices  froa  fig.  2. S 

xvt  = ncos&eos'l  ; v. ^ - rsin  b;  j 
X’.  — r cos  6 sin  4'.  | 

Jn  the  exaaination  of  tao-diaensicral  {ret  leas  when  >(f  = 0.  the 


( 4 ' 


horizontal  and  elevations  of  speed  ere  respectively  equal  to: 

r,  =a==x'cos6;  v,  =a>  = x>sin  6. 

After  unit  oq  tbe  launching  pad  of  tbc  vertically  starting 
rocket,  body  axis  OXi  coincides  vith  ails  0&.c  • After  separation  froa 
table*  during  vertical  fliglt,  coincide  axes  Calv  °^3c  and  Cx 
(bigh-s peed/ velocity  systea). 


°.V3c  and  Cx 


/ &2~ 
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Ccaaunicatiog/connecticn  between  acbilc  (connected)  and  by 
continuous  operations  ci  coordinates  (Fig.  2. 1C  and  2.11)  is  realized 
kith  the  aid  of  the  angle  ct  attack  and  slii  argle.  It  is  known  two 
versions  of  the  determination  of  tie  acgles  of  attack  and  slip.  In 
connection  with  the  axisyaaettic  rockets,  *iich  do  not  have  the 
clearly  expressed  lifting  wings,  acgle  of  attack  is  called  the  angle 
between  vectors  of  speed  and  the  axis  cf  rocket  Ox*  (see  Fig.  2.10). 
Is  this  case  the  plane  cf  angle  of  attack  is  called  the  plane  cf 
resistance. 
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Fig.  2.10.  The  diagras  of  the  sutual  layout  of  the  flow,  connected 
anc  cpsbined  earth-hased  coordinate  systea  ter  the  axisymmetric 
wingless  rockets:  A - hcrixcntal  coordinate  plane;  B ana  C - vertical 
planes,  carried  out  respectively  through  the  velocity  vector  ard  the 
axis  gf  rocket;  D - inclined  plane,  carried  cit  througn  the  velocity 
vector  and  the  axis  or  rocket  (plane  cf  resistance). 

Page  51. 

Let  ns  designate  the  indicated  angle  of  attack  a*,  and  the  angle 
between  the  plane  of  resistance  and  the  vertical  plane  .vOt/j  - y*.  The 
angle  between  7 and  its  projection  cn  the  vertical  plane,  passing 
through  the  axis  of  rocket  Cx1#  calls  angle  cf  slip  p*. 

Of  the  rockets  of  aircraft  configicaticn,  which  have  the  clearly 
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Fig.  i.11.  Diagraa  of  tie  aiitual  layout  of  flow  and  body  coordinate 
systeis. 


Key:  (1).  Plane  of  the  sysaetry  ot  flight  vehicle.  (2)  Center  cf 


la  hie  2.2.  The  g^aaral  via*  of  the  tat  la  of  direction  cosines. 
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KeJ:  fl).  Projections  cf  vector. 


Page  12. 


ire  given  below  the  tables  of  dirvchicc  cc$ines  for  different 
[airs  cf  rectangular  cocrdinate  systeas. 
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Table  2.3a.  Cosines  of  the  angles  tetucci)  tie  axes  of  the 

hlqb-npee d/teloclty  and  half-speed  coordinate  aysteas. 


[0  CXrn 
xooi»AnHat 

l).v 

Off 

Or 

O.r 

i 

ti 

0 

Of* 

0 

cos  Tc 

— sin  ic 

Of* 

0 

| sin  Tc 

C03  Tc 

Key:  il).  Coordinate  area. 


Table  2.3b.  Cosines  of  the  angles  let  teen  axes  cf  the  connected  and 

halt-speed  coordinate  nyatean. 


> OCM  I 

KOOPAHHST  1 

0*i 

0.1/1 

Of  i 

0v 

] 

COS  11  COS  ,1 

— mii  a cos  p 

Sill  ’ 

0i* 

mu  a cos  Tc  + 

-f  sin  Tv  cosu  sin  p 

COS  Tv  cos  u 
— sin  Tc  sin  a sin  } 

— Sill  7c  CoS 

Of* 

sin  Tc  si»  a — 

— cos  Tv  cos  a sin  j* 

sin  Tv  cos  a r 

4-  cos  Tc  sin  <*  sin  i* 

COS  Tv  cos  1 

Kay:  41).  Coordinate  area. 

Table  2.3c.  Cosines  of  the  angles  between  tic  axes  of  half-speed  and 

eaxtir-tased  coordinates  ststee. . 


' (V"  o* 

KOOpAHHI T 

0jr3  cot  * co»  *' 

0j,j  SlU  N 

0a3  — cot  1 *m  V 

M |s  i I)  . coordinate  axes. 


Of/* 

— sin  li  cot  *' 
cos  « 

sin  ti  *in  4’ 


Telle  2.3d.  Cosinea  of  the  angles  tctxeen  axes  cf  connected  and 
earth-biased  coordinates  syqtea. 


i 


! 


C«C  * 78107102  HQl  Js1T  /OH 

Table  2.3d.  Cosines  of  the  angles  between  axes  of 
connected  and  earth-based  coordinates  system. 


* OCM 

KOOpAHHlT 

Ox, 

Ojii 

Ox, 

0X3 

cos  8 cos i 

— cos  i sin  8 cos  7 + 
+ sin  i/  sin  7 

cos  i sin  8 sin  7 + 
+ sin  i cos  7 

0jl3 

sin  8 

cos  8 co*  7 

— cos  8 sin  7 

0^3 

— sin  i cos  8 

cos  -l  sin  7 + 

+ sin  sin  8 cos  7 

COS  'y  cos  7 — 

— sin  sin  8 sin  x 

Ke y;  11).  Coordinate  axes. 
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the  selection  of  the  control  systea  frcgueftly  sets  limitations 
cn  the  instrument  realization  cf  the  cccrdicatc  systems.  Is  known 
separation  in  this  sense  iqto  the  Carteriaf  control,  which  uses  of 
different  form  of  the  system  of  rectilinear  coordinates,  and  pclar 
central,  which  uses  a fclar  coordinate  system. 

Curing  the  design  cf  tie  control  systei,  is  provided  for  the 
measuring  coordinate  system,  in  wfaicl)  ate  xaeuted  the 
dimtur lance/pertur tatic ps  cf  metier^  and  the  executive  coordinate 
system,  connected  with  the  rocket  in  which  is  conducted  the  final 
adjustment  of  ccmiand/crets. 

in  the  process  of  aissile  tarcetings  tc  tbe  driving/moving 
tar get/p use oses  along  ccaplex  trajectories,  is  possible  the 
phencienon  of  the  "torsion*  ("fracture")  of  tic  executive  coordinate 
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cjitai  of  relatively  measuring  systes.  let  tke  surface-to-air  missile 
be  ccnttol/guided  on  radio  teas.  Ike  scasurin g coordinate  systes  is 
ccyncated  uith  lead  beai  sc  that  cce  of  tie  axes  °*k  coincides  with 
the  afis  of  beaa  central  lice,  and  axes  0y«  and  0z«  supplement  system 
to  right  and  they  are  ccnstant/invaxiably  ccnnected  vith  the  antenna, 
afaich  creates  lead  teas,  the  executive  syetax  ct  coordinates  0xpypZP 
is  arsange/located  on  rocket,  ixis  0xp  is  connected  vith  axis  cf 
rocket,  and  axes  0jrp  and  0zP  axe  stabilised  by  cn-board 
gy tcstabilixer  froa  rotatioa  around  axis  0xp.  let  us  assuae  that  prior 
to  the  start  of  the  axis  of  the  executive  aid  xeasuring  coordinate 
systees  they  coincide  ic  the  directicc.  In  the  process  of  missile 
targeting  to  target/pucpoee,  both  coordinate  systens  will  be  acved, 
tbe  ay is  Ox,  ef  measuring  systea  sill  track  a target  or  aimed  into 
set  fftvard  point. 
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Table  2.3e.  Cosines  of  the  angles  tctecen  vectors  angular  velocities 


■ -■  7 and  the 

UJ 

OCH  KOOpXHHST 

0v, 

Of,, 

0i, 


of  tody  coordinate  system. 


u*’  i sm  7 | cos  ft  cos  7 

I “*  7 | — cos  « sin  •» 

Key:  11).  Coordinate  axes. 


Table  2. 3f . Cosines  of  the  angles  ietucen  axes  of  the  connected  and 

high-speed/velocit;  coordinate  svsttasi 


1 '/  OCH 

KOOpjXHHST 

Ojr, 

0//, 

! Or, 

Ox 

cos  a cos  9 

— sin  a cos  ji 

sin  i 

Op 

sin  a 

cos  a 

0 

Ox 

— cos  a sin  i 

sin  a sin  i 

cos  i 

*«I*  41) 

• Coordinate  axea. 

Eagc  £4. 


The  Mis  0ap  of  the  executive  coordinate  syatea  while  aaneuvering  of 
r.ookel  till  coincide  Math  axis  of  socket,  tut  axes  0i/,,  and  0zP  cannot 
be  tusned  relative  to  axis  0*p  as  a result  cf  tte  action  of 
gyrostabilixer.  Bach  coordinate  systex,  beirg  acved  in  space,  by 
special  fora  differs  frea  icitial  direction  and  the  collinearity  of 
their  axes,  assuaed  by  os  ic  the  beginning,  is  lost,  i.e.,  occurs  the 
"torsion"  of  the  coordinate  axes.  It  tte  general  case  the  "torsioQ" 


cab  three-dinensional/space,  with  which  in  the  process  ct 
induction  occurs  the  angular  separation  of  the  executive  and 
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aeasuring  cocrdinate  systeas  along  all  three  axes.  In  the  process  of 
induction,  the  longitudinal  axis  of  th«  wall  guided  missile 
insignificantly  oscillates  relative  tc  the  axis  bean  central  line  and 
in  the  ficst  appraxiaaticn,  they  assutc  that  tifca  axes  Ox*  and  Ox,,  of 
the  seasuring  and  executive  coordinate  systeas  coincide  in  the 
direction.  In  this  case  uill  occur  tfce  Ptozsicr”  of  axes  0//,,  0-r,,  and 
Oi/*,  0z„  in  the  plane,  per  jesdiculai  »tc  the  overall  direction 
conditionally  coaxial  Ox,  and  0xp, 

$2.  KPFECT  OF  THE  GEAV II 11 IC  (ill  HUE  ,01  EASTS  AND  IIS  ROTATION  ON 
BCCKEV  1110  PROJECTILE  U1GM. 

««* U Potential  of  the  force  of  gravity,  fora  and  the  size/di nensions 
cf  the  Earth. 

Potential  function,  cr  potential,  is  celled  the  function  ri(x,  y,  z). 

whose  total  differential  is  ecual  tc  the  eleaentary  wort,  which 

acts  go  the  pqint  of  the  forcer 

dn=Fdr  = — ctx+—  di/+  — d:. 

dx  dp  dt 

the  pnojections  of  the  resultant  «f  the  applied  to  point  forces 


are  respectively  egual  tc 
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Ectential  foe  a point  salt  mi,  which  is  located  out  of  the 
voluae  of  the  Earth  at  a distacce  1 fzoa  the  elementary  aass  dn 

Earth#  according  to  the  Newtoa  la*  of  gravity  is  deter arned  by  the 


expression 


dnT=i^L 

i 


where  f - constant  of  gravitational  attraction;  l - distance 
between  points  with  unit  aass  (point  E)  and  the  eleaentary  mass  dH 
(fig.  2.12).  The  potential  cf  the  Earth  for  a pcint  unit  aass  obtains 
by  integration  for  an  entire  aass  cf  Earth* 


Saga  S5« 


n,=/ 


The  written  integral  can  he  calculated  cnly  approxiaately.  Are 
uahacan  accurately)  the  fora  of  the  tantfc  a*c  its  size/diaensiers,  is 
aakaoao  aass  distribution  within  tie  Earth. 


lleaaatecy  aaaa  = where  - aasa  density  of  substance, 
which  ia  aihataatiall j chaagad  by  aqtire  vcluact  dr  - volute  eleaent. 


If  distance  from  the  conditional  center  of  the  Earth  to 

elementary  mass  Is  designated  p,  and  to. external  point  P by  r then, 
designating  the  angle  between  p and  r through  ip  (see  Fig.  2.12), 

m aiil  obtaiq  

/=)  r*  -Q*—2ra cosP.  i'J.  9) 


(n  the  process  of  rcckct  flight  relative  tc  the  Earth  will 


cbvicas  that  the  potential  till  he  changed  in  the  process  of  icving 
tb«  racket  relative  to  the  Earth  within  scat  liaits  and  it  can  be 
I calculated  approximated | during  the  introducticc  of  the  various  kinds 

cf  asauaption a.  The  aost  essential  asseaptiens  concern  tne  shape  of 
the  Earth,  its  size/dimensiens  and  aasa  distribution. 


h 


Icr  closer  to  the  r»al  fora  of  tie  Earth,  is  accepted  the 
figure,  called  geeid.  Geeid  - this  figere,  Jiaited  by  level  surface 
cf  the  gravitational  potential,  which  coincides  with  the  surface  of 
cceans,  which  are  feund  in  the  undisturbed  state,  i.e.,  in  the 
absence  of  the  boss/inf loss,  eit/d iaebargea , atacspheric  and  any 
ether  disturbance/pert urtations.  level  surface  cf  the  gravitational 
potential  is  called  sue!  aaiface,  at  all  prints  of  which  the  value  of 
the  gravitational  potential  is  equal.  It  present  data  to c precise 
aatheaatical  descripticp  gecid  still  insuf f iciect.  When  conducting  of 
tie  various  kinds  of  calculating  works  (geccetic,  astronomical  and  j 

ballistic)  as  successive  sFpcosiaaticns  to  geoid  they  accept:  the 
spherical  sodel  of  the  Earth  - a sphere,  spheroidal  aodel  - spheroid 
(ellipsoid  of  revolutic?),  the  general  ellipsoid. 

In  fiussia  during  leng  tiae  whey  conducting  the  astrogeodetic 
works,  was  accepted  Bessels  spheroid,  in  1S2<i  by  international 
axpreeaent  the  best  spheroid  considered  Uayfcrd's  spheroid.  In  aany 


v ■ 
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instances  proves  to  be  convenient  to  utilize  tic  so-called  norial 
spbergid,  km  Klero's  proposed. 

tbe  size/dine nsiocs,  which  deternine  spheroid  {its  axes),  were 
calculated  on  the  basis  c t tbe  degree  veas cressets  of  the  arc  lengths 
cf  aexidiacs. 


1 


see  V 78107102 


♦ * 


«YV 


Fig.  2.12.  Coordinates  cf  point  unit  nass,  which  is  located  oat  cf 
the  vflune  of  the  Earths 


Cage  E6. 


Since  the  figure  of  the  Earth  is  differeat  irca  spheroid,  then  in 
different  places  op  one  and  the  sane  tic  latitude  of  the  arc  of 
aeiidjans  they  have  difteieit  curvature.  Therefore  the  specific  by 
degree  neasurenents  siae/ciiensicpe  cf  ellipsoid  depend  or)  the  place 
cf  aeasureaent.  To  this  are  explained  t be  available  differences  in 
the  nanerical  values  of  tie  cell/e le aects  cf  terrestrial  spheroid, 
obtained  by  the  separate  authors. 


Soviet  geodesists  under  f . N.  Krascvskiy's  aanageaent/aanual 

( 1878-  1S48) , utilizing  decree  aeas czeaents  iy  the  USSB,  Best  Europe 

and  USA,  they  deternined  tie  size/diaeneicf £ cf  biaxial  ellipsoid,  in 

accordance  with  the  resolution  of  tic  Council  cf  flinisters  cf  the 

* 

OSS B ff  7 April,  1946,  in  tie  geodetic  torke  kith  the  USSB  is 
utilised  the  terrestrial  ellipsoid  of  xetatien,  which  in  resolution 
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is  cased  the  Krasovskij  terrestrial  ellipsoid.  Cn  the  basis  of  the 
saae  seeks,  were  obtained  tie  data  icr  the  cepera!  ellipsoid. 


Ccc  the  biaxial  Krasovskij  ellipsoid,  sesicajor  axis  (the  ieac 
radius  of  equator)  is  accepted  egual  tc  a-6378245  s,  semiainor 
axis  b=fc 156863  s.  l^e  diilecence  ir  the  values  c£  the  axes  of 
spberqid  cosprises  -H2800  s.  Cospressicp  of  the  spheroid 


• = 0,003352. 


Square  of  first  eccentricity 

/?= -£^1*1  = 0,006693. 

a2 

Square  of  second  eccentricity 

= — = 0.005739- 

Vcr  the  spherical  sodel  of  the  Earth,  the  basic  a constant  value 
is  a radius  of  terrestrial  sphere.  It  can  be  deteroined  differently. 
If  we  take  arithmetic  sean  cf  three  seii-axcs  cf  the  Krasovskiy 
ellips.cid*  then  ue  will  obtain  6171118  s.  lie  radius  of  sphere,  which 
has  the  sawe  surface  as  tte  surface  cf  the  terrestrial  ellipsoid,  it 
is  eqaal  to  6171116  a.  fadius  of  the  sphere,  which  has  the  saue 
voluae,  as  the  voluae  of  ellipsoid*  63711  1 C a.  Ill  methods  give  close 
results. 


the  coaaon/general/total  expressicr  fci  the  potential  of  force 
cf  gravity,  virtually  suitable  fer  diff^rest  acdels  of  geoid,  is 
obtaiaed,  after  expanding  expression  for  riT  is  a series  o.  spherical 
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tufct^cns.  Let  us  pceliaina lily  exaaine  a siapler 

conclasion/deri vat  ion , xhict  veil  elucidates  tic  physical  tense  cf 
the  first  teras  of  expacsicr. 


£agc  17. 


fcca  12. 9)  we  vill  ettaio 


tfce  expansion  of  tke  written  tanction  in  a tincmial  series  can 
te  represented  in  the  feta  cf  the  sax  cf  acifceis,  who  include 


Legendre *s  polynoaials  P„( cost)): 


i — | — V [ r f\  cos  -y.  I 10) 

y r 1 r jmf4  \ r 
n-0 

Ibe  comaon/general/tctal  expression  fer  the  polynomial  of  degree 


c takas  the  fare 


P.  cos  'j 


1 ,/C|(CO5  0-)g-  l)" 

_>V  .1  (cos  y)" 


for  the  separate  values  of  a,  let  as  have: 

P„  cos  •!  i — l; 


/',  cos 
P. : COS 


P, ' COS 


Pi  I COS 


3 . , I 

COS*  ’j 


— cos4  * — cos*  j - — ; 

S '4  8 


■tiliaing  (2.10),  ae  aill  obtain  froa  <2.£) 


OH 

I'l,  = -£-  [ V^V^^costlW.li. 


ae  will  be  restricted  to  three  tens  <t  expansion  and  will 


ccc 


78107102 


E 1C  E 60 


' — ^—7 


i 


//■" 


(itMCt  potential  in  th«  su«  of  thtc«  integrals 


n, 


\ V -p  — ^ QCosi/dM 

( V I (’«) 


- i-  \ t*  ( JLa,s*o_  J JdM.  l3i 

<*> 

Integrals  cap  be  undertaken  it  final  fcra,  if  we  aptly  soae 
liaitaticns  ct>  aass  distribution  and  tie  fen  cf  the  Earth.  During 
unitors  aass  distr ifcuticn  according  tc  the  tcluse  of  tho  Earth  for 
the  coordinate  system  whose  center  is  place c in  the  center  of  tass  cf 
the  Earth, 

[ dM=M- 

(M) 
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(ctMct  potential  in  the  sm  of  three  .iotagrals 

n,=—  \ d H -y—  i QcosifdM 

r r 

(.W)  MO 

^ i.*  f— cos*6 l—\dM.  (J.  13) 

r"-  ' M 2 -2  I 

(At) 

integrals  can  be  undertaken  it  £i«al  fern,  if  we  apply  sone 
linitatiens  c rj  aass  distribution  and  tbc  fen  ct  the  Earth.  During 
unitors  nass  distr itutien  according  tc  the  vcluse  of  the  Earth  for 
the  coordinate  system  whose  center  is  jlacec  in  the  center  of  lass  cf 


the  Earth, 


( dM  = M 

(At) 


i 
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lesignatiag  t he  sui  of  the  disregarded  tens  of  the  expansion 
through  nT  N.  ws  Mill  obtain  fcriula  fox  the  potential  of  the 
earth's  gravity 


n,=£4! :-C-^)i3sin*?ru-l)-r 


— (C  — A)  cos'  <pnt  cos  2a  4-  n, 


In  last/latter  foraula  the  first  tern  represents  by  itself  the 
potential  of  sphere  with  uniform  or  spherical  less  distribution  - the 
so-called  potential  of  Kevtcnian  attraction.  The  second  term  depends 
cm  latitude  <pra  and  considers  the  effect  of  the  polar  compression  of 
the  Earth,  tbf  third  - considers  the  dependence  of  mass  distribution 
cf  the  Earth  on  longitude,  i.e.,  reflects  the  effect  of  lateral 
compression  Subsequent  mcihecs  (designated  nT  H)  consider  the 
dissyaaetcy  cf  nass  distribution  in  the  northexc  and  south  parts  cf 
the  Earth  and  other  nonunif craities  in  the  gravitational  field  of  the 
Ear  th. 


If  one  assunes  that  the  Earth  is  correct  ellipsoid  cf  rotation 
with  aniforn  nass  distribution  accord  rotational  axis,  we  will  obtain 
A = C and  then 


^1  = — + /rM-»)(3sin,<Pr„-U 
r ir* 
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Foe  determination  nTHiit  i*  necessary  tc  consider  the 
pclyngaials  of  Leg.eadre  of  the  big  he  i orders,  than  the  second. 
Hcvever,  directly  the  use  of  subsequent  sealers  of  expansion 
encounters  the  sathesatical  difficulties  of  practical  order. 


1 age  £9. 


Therefore  in  the  sore  ccaplcte  exaaination  tf  the  potential  of  the 
Earth,  they  prefer  dependence  tor  its  detexa ination  to  represent  by  a 
series  of  the  spherical  (spherical)  fuccticrs  thich  are  expressed  as 
the  associated  functions  of  Legendre,  fer  tiigef oaetric  function  $ , 
the  associated  functicn  cf  Iegendre  takes  tie  fera 

</, 

where  the  index  of  "n"  deternines  the  degree  of  function,  the  index 
of  "a"  - its  order-. 


The  gravitational  {otertial  cl  the  Karth,  expressed  through 
spherical  functions,  takes  the  fere 

n - fM  li  ■ VVi*. 

nT--  — 1 | 

Cj.^mh  ni>. ) i sin  *-'■  18 


9 
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Here  C|„„,  *ixl  C..„„,  — diaersicrless  nuaerica  1 coefficients,  /?3 — 
eqmatfrial  radius  of  the  Earth. 


1 


i 


If  we  accept  mass  distribution  according  tc  the  volume  of  the 
Earth  symmetrical  relative  tc  its  rotational  avis,  then  (2.18)  it  can 
be  converted  to  the  more  convenient  fora 

nT  - ~ J 1 - 0,„  f-^)2  /%„  (sin  <Prul  -1- 

w(sin?(.11)-0*)^-jVw(sin?ril)j  . .2.  ll»; 

The  dimension less  paraieters  G„0  are  determined  by  the  so-called 
level  surface  end  the  angulrr  cate  cf  rctatac?  ct  the  Earth.  Values 
P„0(sin(pru)  are  called  zcral  spherical  functicns. 

lor  orientation  let  us  bring  data,  that  characterize  the 
gravitational  field  of  the  Earth,  ettained  v it k the  aid  cf 
geophysical  satellites  [57]: 


1 
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/C=/Af  = 398603,2  Km3/c* 
a=  1 : 298,2  ±0,2 
GM— 1082,645- 10~« 

Gso  - 2,546  • 10-« 

G4o=  1,649- 10-< 
/?s=6378,165  km. 

U):  41)  • k ■*/**« 
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(f  the  Earth  to  consider  as  sphere  with  wean  radios  R 3,  in  which 
the  sees  in  distributed  evetly  by  volute,  ttep  cf  (2.19)  fellows  that 
n,=  — = — - Consequently,  in  this  case  the  potential 

r r 

(gravitational)  field  of  the  Earth  will  be  central,  and  the 
acceleration  froa  attcactiqg  force,  thich  acts  in  it  on  the  body  of 


unit  nass,  can  be  found  as 


</nT  k 

*T  dr  rt 


Sign  •sinus"  is  here  undertakes  because  rector  r in  the  direction  of 
which  is  taker)  the  derivative  i--T , and  vector  Z.  are  directed  tc 

dr  ® 

cppcspte  sides. 


acapasiag- values  g,  fee  radii  r and  r3,  we  will  obtain 

/?3  2 

depend# nee  ~ = ( — ) • which  it  characterises  a change  of 
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directicn  of  plunk  line,  i.t. , with  vertical  lice  at  the  pcint  of  the 
earth's  surface  in  question  and  normal  to  ttc  surface  cf  geoid.  lhe 
angle  fcetueen  the  standard  (n)  tc  surface  ard  the  equatorial  plane  of 
gecid  is  called  geographical  latitada  ¥*  ailika  geocentric  latitude 
Vn  (Jig*  2.13).  Dhe  lcpgitude  is  ccunted  elf  fren  the  prime  meridian 
as  thick  is  accepted  the  aeridian  cf  Grceatrch. 

Ccaaueication/connecticp  tetveen  geocentric  and  geographic  latitudes 
is  cskahlish/instal led  cn  tie  appre aiaatic f fcraula 

‘?fr«  = tg?r  (!_/?), 

ekece  /,  — first  eccentricity. 


fig.  2. 13-  Position  of  local  vertical  line,  deterained  by  geographic 
latitude 


Ea-ge  61. 

the  difference  between  angles  <Tr  — <rnt  cat  1c  found  also  fren  the 
dependence 


<fr-frU=tf  sin  ‘fr- 


Create  value  ('Ti  — <fn)  is  egual  tc  VI. 5*  at  q-r=  45°. 

The  gravitational  potential  also  can  fce  presented  as  sua  of  the 
potentials  of  the  force  of  gravity  acc  the  centrifugal  inertial 
force,,  deterained  by  the  diurnal  rctaticq  {- a r 4 k 


n-nT- -rru. 
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taking  ii)to  account  that  rfn11  = Fudrll.  wlcxe  rn=rcosqni.  we  will 
attain  the  potential  of  centrifugal  inertial  force,  in  reference  tc 
the  unit  of  the  aass 

n„  = — a,/4fos‘fr„. 


If  we  utilize  for  nT  foraula  (2.16),  tfcer 


= — — Bi(3sin*f  — 1)-| — j-  l>V*eos*  fr  . t-'.JO- 

2 


r 2r*  ' 


■e  will  obtain  foraula  for  deteraining  the  acceleration  of 
gravity.  Fron  the  property  cf  the  pcte>ntial#  fctnd  for  a unit  lass, 


an 
*F  * 


where  gs  — projection  cf  the  acceleration  cf  gravity  on  direction  s; 


*n 


— derivative  of  the  gravitational  fctectial  undertaken  xn 


the  direction  S. 


let  us  select  as  direction  S ncraal  tc  the  surface  of  geoid  to 
which  acceleration  is  projected  tj  cxiplete  value.  Designating  the 
direction  cf  qoraal  to  geoid  through  n (see  Fig.  2.13),  let  us  have: 


an 


J 
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Considering  the  lev  difference  in  angle*  qp™  cad  qpr.  derivative 
in  the  direction  q replace  to  derivative  is  th«  direction  r 

i!L=—  cosi#^).. 

dr  in 

taking  into  account  ccytrart  ci  tefecccce  directions  for  n and  r 
acd  the  saallness  of  the  angle  between  ~c  arc  r,  it  is  possible  tc 
write 

/\ 

- 1 < cos  (nr)  < -0,999995, 

where  nuneral  0.999995  it  cccresfondf  to  the  greatest  angle 

<fr  — <Fm~  11.5',  Ceosidering  the  lev  difference  cos(wr)  froa  un  it,  ve  will 

cfetaia 

_ t»n 

dn  dr 

It  differentiated  (2.20)  oq  r,  ve  will  obtain 

4 = ~ 1 A - 11 ' < 3 si”*  rri,  - 1 - c*r cos*cpru.  2.-2H 

Icr  the  spherical  aodcl  of  the  lacth,  kiticut  the  account  cf  its 


i 


t 

c 
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ictati.cn,  we  will  obtain  tree  (2.2  1) 


/At 

i’  — — =£, 
r- 


Into  formula  (2.21)  frequently  axe  introduced  values 


A — B f>)  U-'/?, 

•1  HQ— 

/?*  fM  R:, 

hey:  4 1)  . and. 


Value  >j  has  dimensionality  of  Bass,  ate  9 - the  dimensionless 
parameter  of  the  figure  of  the  Earth,  lequal  to  the  ratio  of  the 
acceleration  of  centrifugal  force  tc  tie  value  cf  the  acceleration  of 
gravity  in  equatorial  (lane.  Calc u la tiens  etc*  that 

ii  = 0,001 1 AI;  <7=0,003468. 


Introducing  in  (2.21)  values  y and  g,  we  will  cltain 


l+y^-^-0-3sin«?riJ)-^cos*?ru  . (2. 


Converting  last/latter  equality  cmittirg  in  the  process  of  the 
tr ansf erma tion  of  the  values  the  order  cf  siallcess  of  which  is 
higher  than  the  first,  it  is  possible  tc  obtair  simple  formula  for 
the  calculation  of  the  surface  gravity  £or-fk 


lro=  ^0,1 1 -r  P sin*<pPU), 
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where 


P JG  £ ■£& 


acceleration  cf  gravity  it  equator  when  <pru=0 


Value  0 is  called  Clairauts's  cccificicct.  Is  nuaerical  ^ = 9,78034 
m/s2  and  0 = 0-G0526CC1  [57].  lien  it  is  icssible  to  accept  g = 
ccqst*  usually  are  taken  it  equal  te  S.  61  x/s2.  For  the  spherical 
acde  1 f nr 


2.3.  Bctational  effect  of  the  Earth  cn  rocket  and  projectile  flight. 


the  Earth  completes  in  space  ccxplex  acticn  - annual  inversicr 
arcund  the  suq  and  diurnal  rotation  of  relatively  its  axis;  the 
earth's  axis  completes  nutational  and  preccssicnal  actions. 


1 age  €3. 


however,  during  the  study  cl  the  acticn  of  the  rockets  and 

poo jectiles,  in  view  of  tte  shert  delation  cf  their  flight,  they 

consider  that  the  lotion  of  the  Earth  along  sclar  orbit  can  be 


I 
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accepted  as  rectilinear  uniform  forward  motieg;  the  nutaticnal 
oscillation/ vibrations  ot  tie  Earth  and  its  precession  are  not 
considered,  since  tfcese  actions  are  characterised  by  very  low  angular 
velccitxes  (period  of  precessional  acticq  - 26C00  years,  and  the 
period  of  nutational  oscillations  - 16.6  jeers,  with  the  anplitede, 
which  does  not  exceed  9.2">.  The  diurnal  rotation  of  t ha  Earth  is 
virtually  uniform;  one  revolution  is  ccapleted  after  23  u of  5b  min 
and  4 s,  angular  rate  of  rotation  is  equal  to 

<_>  = '£■ = 7.292  - Mi-4  1 l 

(23- Mi  + 541 '>0  + 4 


Tie  effect  of  the  diurral  rotation  of  the  Barth  on  rocket  flight 
aad  projectiles  is  easy  to  trace,  if  vc  exaiine  their  aoti  in  the 
inertial  geocentric  coordinate  system.  It  tie  acaent  of  shot 
(launching/starting)  the  icitial  velocity  cf  rocket  in  relative 
a c tic b - ro.  while  in  absolute  motion  where  the 

linear  speed  of  rocket,  determined  ky  -the  acvakle  rotary  motion  cf 
th«  Barth  and  which  depetds  cn  geographic  latitude  of  the  location  of 
the  launching  site  (here  and  throughout  the  trajectory  elements  cf 
the  center  of  mass  in  atsclute  notice  let  cs  ncte  by  index  "a"). 

Jt  is  obvious 


v^QHcos  ?rl„ 
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abate  8 - distance  of  the  launching  site  fees  the  conditional  centec 
cf  the  Earth; 


<fro—  geographic  latitude  of  the  location  cf  the  launching  site. 

At  poles  cVo=0,  at  eguator  v*o  ) is  ap prex juately  egual  to  1674 
ka/h,  ci  465  a/s. 

the  Earth  rotates  relative  to  pclar  axis  from  nest  to  the  east; 
therefore  during  starting/launching  eastwards  v.io>v0,  a during 
start|ng/launching  westwards  (agairst  the  ictaticn  of  the  Earth)  CioC’o- 


Curing  free  flight  the  trajectory  cf  tie  ahsolute  motion  cf  the 
rocket  of  class  "surface  - surface"  <cr  Earth  satellite)  in  the  first 
ap  proifinaticn,  i.e.,  for  the  spherical  aodel  cf  the  Earth  with 
unifccily  concentric  loraticn  of  nesses,  is  plere  curve  aqd  its  plane 
vill  occupy  the  constant/invariable  attitude.  At  the  same  tine  as  a 
result  cf  rotating  the  Earth,  will  change  ir  isertial  space  target 
position.  For  total  flying  time,  tte  target/pur pcse  wili  change  its 
position,  counting  frea  zeic  ti*e,  tc  false 

hi„  = 2A?/„cos®r  ,2.^3 


where 


AIU—  noveaent  cf  tar get/purpese  c.t  lesgitude; 


t*—  total  flying  tiae; 

<Pp.b—  geographic  latitude  cf  target/Furpose  which  remains 
ccystant/in variable  in  the  process  cf  period  cf  earths  rctation  cn 
its  agis. 

Cage  Sh. 

the  place  of  start  and  the  fciqt  cf  iapact  in  the  rocket 
(projectile)  of  class  "surface#  surface,"  is  located  on  the  Earth, 
observation  after  rcckct  flight  is  realized  frc>  the  point /items, 
arrange/ located  on  the  earth’s  surface.  Therefore  usually  the 
trajectory  calculation  cf  tie  action  cf  rockets  and  projectiles 
carries  cut  ij}  the  systca  of  coordinates,  connected  with  the  rotating 
Earth#  i.e.#  in  relative  action.  Let  us  establish 
ccaaunication/connecticn  of  initial  cc$diticrs  cf  departure  in 
a&solate  and  in  relative  actions,  let  as  designate  geocentric 
inertial  cccrdinate  systca  through  xtytzt  and  the  geocentric, 
ccnneoted  with  the  Earth,  coordinate  systoa  through  xyz. 


tif 


the  action  of  rocket  in  the  first  coordinate  system  will  be 
atsolata,  in  the  second  - relative.  Fcr  deteriining  the  position  of 
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cccket  ia  inertial  coordinate  systea,  m«  utilize  usual  spherical 
coardioates  /■«.  «Pr. a ii,  ^ in  that  ccnoected  with  9ar  i K - 

r'*a,L  CoMuaicaticf/ccnnection  letaee,  the  longitude  in  absolute 
«od  r.Utitr*  notions  let  us  deter.ifle  according  to  the  tocwula 

W+fi/. 
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Fig.  2.14.:  Initial  conditions  of  filing  la  ftsciute  and  relative 
actions. 

Cage  €5. 

Initial  conditions  fee  trajectory  of  relative  notion  of  th’e 
cegtes  of  anas  of  rocket  at  the  acient  of  ting  t = t0  will  be  values 
r>  9r.no.  X*  initial  velocity  v0  and  angle  ci  departure  d0  (Fig. 

2«14)»  For  angle  of  departure,  is  accepted  the  angle  between  vectors 
ci  tfce  initial  velocity  and  tie  plate,  tangential  to  sphere  at 
release  point  B0.  Ibe  plane  of  casting  is  called  the  plane,  passing 
through  the  vector  of  tte  iiitial  velocity  and  the  conditional  center 
ct  the  Earth  under  thief  let  us  understand  the  center  of  the 
spherical  aodel  of  the  Earth.  Line  OR  of  tfce  intersection  of  the 
plane  of  departure  (B)  tith  equatorial  place  is  called  nodal  line. 
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Longitude  cf  nodal  line  is  determined  in  equatorial  plane  by  angle  x* 
between  the  axis  02  and  tie  nodal  line.  Tie  inclination  cf  the  flare 
cl  casting  to  equatorial  {lane  is  detetiincd  by  angle  % Values  of 
tie  naeed  angles  a.t  uco  tice  let  es  dcsigcite  through  ^ and  X* 
fid  sector  PifiPo,  and  rectangular  spier  icil  triangle  P0KPa, 
let  us  have 

cos  x,=  cos  sin  A,; 

^”S- arcsin  (ctg  tg  fm§), 

kbere  angle  An  - azisuth  cf  firing  in  relative  sotion,  calculated 
froa  leridian  n,  passing  through  point  H*,. 


| 

l 

f 


Act  us  find  initial  oetditiens  in  absolute  notion.  Let  at  zero 
time  the  inertial  geocentric  coordinates  ccancide  with  the 
coordinates,  connected  kith  the  Earth,  and  thee  point  R0  kill  also 
regdec/shoe  ccebined.  lie  initial  velocity  in  absolute  motion  is 
egial  to 

o4.=o,-)-rrt,  (2.25) 


» 

where  the  velocity  of  {clicking  of  point  is  cgual  to  o^-Qrtcoa en*  t 

Is  directed  v<c  by  collinearly  tancent  toward  parallel  P at  pcint  ‘ 

l.o  * 


let  us  place  into  point  fiA  the  beginning  cf  topccentric 
rectangular  coordinate  systca  axis  0yn  it  is  directed  along 
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radius  r0#  axis  *ro—  tc  aexth,  axis  **  — taageotially  to  parallel 
at  laanch  poiqt.  If  the  topccentric  ayatea  cl  coordinates  (Fig.  2.15) 
let  us  s ho  w the  aaiautb  ot  tiring  aid  ajgle  ct  departure  e0  in 
relative  action  and  will  construct  the  vector  sub  of  velocities 
(J;2S)  (in  Fig.  2.14  and  2.15  leridiar  and  the  parallel,  passing 
through  point  P0,  are  noted  letters  fl  and  I).  Ftcn  Fig.  2.  15  we  find 


•o,  sin  8,  = ortsin  8,,; 

vt  cos  9,  cos  A,=  v,t  cos  9„  cos  a*; 

o,cos90sin  A#  + Qr,cos?ro»»w1#cos9.,sin  A,0. 


Bran  the  first  equality  we  fine  angle  cf  departure  in  the 


ataclate  action 


9,.=arcsin 


Bren  the  second  ~ aaiacth  of  the  firitc 


AH=— arccos  (•?*-  COB%oco*  M 

V *,o  / ' 


(2.27) 


Ea.qe  46. 


froa  the  third  equality,  converting,  we  will  obtain  fcraula  fer 
the  calculation  of  the  aodu Je/acdu ins  ci  the  initial  velocity 


f.o  = I t>0  •-  '-’Onifr^cos  <Prtt,.cos  6„  sin  A„  j-^rGcos*  ?ril„.  L’8l 


ECC  * 78107103 


PICE  -23  , -^1 


Returning  to  Fig.  2.14,  froa  spherical  rectangle  A .'a/V\u  we  find 
the  iaclin  ation  of  the  place  of  casting  in  absolute  eotion  (fia)  to 
egaatgtial  plane 

cos  Z.(i=cos  <pruosin  A,. 


and  the  longitude  cf  nodal  line 


' •o=  — a resin  tetg  x.„  tg 

id’.  29 1 


I he  eguation  cf  notice  cf  rccket  in  irertial  coordinate  systea. 


written  in  vector  fora,  takfs  the  fcia 

"»a,  = V?,  (2. 30) 


where  aa~  accele ratio t in  absolute  acti.ce,  IF  — is  resulting  of 
the  aerodynamic,  ccntrcl,  gravitational  and  reaction  forces,  applied 
tc  rocket. 


Sweeping  last/latter  equation  and  solving  it  under  initial 
conditions  (2.26),  (2.27)  end  (2.26),  it  is  pcssible  to  obtain  all 

the  characteristics  of  trajectory  in  a-bsolite  action  including  the 
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coordinates  of  collisicr  pcint  Kith  the  earth's  surface  Is*  (Fig. 

2. 16}>  Plot/depositing  in  accordance  vith  f crania  (2.23)  correction 
ter  the  rotation  AZ.„,  Earth  *«  Mill  oltain  tie  position  of  the  place 
cf  target/purpose  at  xeic  tiie  - pcint  Is  cp  parallel  n„.  In  Fig. 
2.16  lengitudes  of  launch  pcint  (print  R*,)  - X0#  the  longitude  cf 
target  position  at  the  icaent  of  laurchiqg/Etaiting  in  the  connected 
kith  the  Earth  geocentric  system  of  coordinates  — lu.  the  longitude 
of  real  target  position  at  the  aoaent  of  »|  ife idence/drop  in  the 
ncse  cene  in  the  inertial  system  of  coordinates  on  formula  (2.24)  is 
egual  to 

^'u«  = ^u  + 2/1|. 


the  central  angle  2$,  ihich  corresponds  tc  complete  flying  range 
in  inertial  space,  can  la  detezained  in  the  prccess  cf  trajectory 
calculation.  In  Fig.  2.16  aissile  trajectory  ir  absolute  action 
depicts  the  curve  BQTs',  in  relative,  ictj.cc  - three-dimensional 
curve  BaTs.  Ihus,  in  the  examinaticn  cf  trajectory  in  relative  motion 
target  range  along  the  earth's  surface  is  ccual  to  B„Ts. 

* 


DSC  » 78107103  EIGE  ^ ^ ^ 

fig.  2.15*  The  initial  velocities,  the  aziartbs  and  anyles  of 
overture  in  absolute  and  relative  acticqs. 

Key;  /I).  North.  (2}.  East. 

Eagt  67. 

let  us  dqterniqe  the  acceleraticn  cf  rocket  in  relative  action 

<*0  H—  * 

,tt 

Since 

11 1 J a fci  p. 

the  fundamental  dynamic  equation  fer  relative  action  will  take  the 

""7,.,  V?-  m7; ma,..,.  (-■  31 
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the  value  of  translaticcal  acceleraticr  is  located  (Fig.  2.71) 
through  the  foraula 

O«.p=r2*C0S?ru-  I232' 

The  vector  of  novatle  (centripetal)  acceleration  is  directed 
frea  tie  center  of  nass  cf  rocket  tevard  the  rctational  axis  of  the 
Earth  alogg  the  shortest  distance.  Eearing  in  Bind  that  sutseguently 
we  will  coaprise  the  egraticn  cf  relative  attic?  of  rocket  in 
geocentric  coordinates,  let  us  write  tie  projection  of  translational 
acceleraticn  cn  these  aaes  cf  the  cecrdiipa t<M 

a«p,=  -.*2*;  a„p,  = 0;  a„p,=  _;2*.  (2.33' 


Value  of  the  Coriolis  acceleraticn  of  ceter aination  frea  the 
known  foraula 


_/\ 

a«op=2t>OT112  sin  (t)0T.2). 


(2.34) 


Fig.  2.1b.  Trajectqry  o t the  actios  of  rocket  relative  to  rotating 
Earth* 


Cage  €£. 

The  vector  of  Coriolis  acceleration  is  ^er [endicular  the  plane  of 
vectors  S 1 and  /~0TB,  if  me  tbea  leac  to  coaacn/ceneral/tota  1 
teginning.  Direction  s*«p-  ie  accordance  kith  the  rule  of  vector 
algecsa,  is  taken  sinilar  sc  that  the  vectors  aBor,  T>  and  , Mould 
comprise  the  right-handed  triad.  In  tbie  case,  it  is  necessary  that 
the  observer,  viewer  frea  tie  terminus  cf  tie  vector  SKop,  would  see 
rotation  Q to  /~0tii  these  cccrr  cn  the  Ion  tart  of  the  c ir cuaf erence 


c paste  r clack  wise.  Since  the  velocity  r„T„  in  the  process  of  moving  the 
rccket  will  change  directicr,  then  else  aKOp  cat  be  directed 
differently.  Assuaing  that  the  directions  kectn  of  those  comprise 
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v„n  cqrres  pond  to  gesitive  uf«unc(  direction,  then  it  id  possible 
to  establish  value  and  direction  of  these  comprise  aMop  in  the  same 
geocentric  system  of  coordinates  (see  fig.  1.17).  Utilizing  (2.  34) 
and  the  rule  of  determination  of  direction  aHop,  ue  Mill  obtain: 

^nop  X ^KOP  I 22Cotn  t-  | 2.  35) 

Since  q and  vOTnv  are  ccllinear,  tUn  aBopv=0. 

luring  the  determination  of  direction  4„op  ja  space,  it  is 
(ossihle  to  also  use  JcuJtcwsJti's  rule,  in  accordance  with  whom  the 
direction  am?  aill  te  established  by  the  relation  or  projection 

71 

v„r«  oa  equatorial  plane  cn  angle  y tc  the  sice  of  movable  rotation, 
for  cuampla,  with  firing  alcng  meridian  frci  the  Northern  Hemisphere 
iatc  south  vector  amp  aill  be  directed  to  tie  east  of  coilinearly 
tangent  toward  parallel,  mhile  the  {rejection  cf  vector  c„TH  on 
equatorial  plane  will  be  directed  from  the  (enter  of  the  Barth. 
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119.  2. 17.  He*olviag  of  factor  of  relative  velocity,  sovaole  and 
Ccxiclis  accelerations  alcgg  the  arcs  cl  tie  rectangular  geocentric 
coordinate  system. 


Ke  y:  ( 1)  . Equator < 


Page  §9. 


»s  sc f n as  projection  i'oth  on  equatorial  (lane  will  be  obtained 
direction  to  cent**.  *Jj«  Barth,  the  vector  «K0I,'  Mill  turn  itself  to 
vest  i?ig.  2.18).  During  the  calculation  of  trajectories  it  is 
necessary  to  Beep  in  Bind  tlat  the  lerce  oi  inertia  of  translational 
acticn  and  Ccriolis's  fetee  enter  iq  tic  right  side  cf  the  equation 
ci  relative  Motion  fith  Mires  sign  (2.11).  cbvicusly  that  missile 
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temperature  of  air,  barometric  pressure,  speed  cf  sound  and  wind  - 
very  s ig  nif  icantly  they  affect  the  action  < taracter  ist  ics  cf  rockets 
and  projectiles.  The  numerical  values  cf  the  rased  meteorological 
characteristics  depend  cn  tie  physical  state,  tie  chemical 
composition  aqd  the  structure  cf  the  atiospiere.  For  the  study  cf  the 
state  cf  the  atmosphere,  is  created  the  vide  giid/network  of  the 
veather  stations,  scattered  on  entire  terrestial  globe. 

Investigat ions  are  carried  cut  by  mctecrolcgical  instrumentation  with 
the  aid  c£  pilots's  spheres,  it  is  radicprclinc , the  specially 
equipped  aircraft,  meteorological  rockets  ard  Earth  satellites;  the 
results  of  measurements  undergo  scientific  processing  and  are 
generalized. 


I 

5 

i 


Fig.  2.18.  Directipo  of  Coriolis  accelerators  aaa  forces  with  tiring 
aicpg  neridian. 

Fage  7C. 

the  Earth's  atmosphere  by  the  cbetical  ccspcsition  is 
conventionally  designated  as  nitric-cxy gag , it  contains  - 76o/o 
ritrogen,  oxygen,  ~3c/o  eater  Taper,  hydrogen,  of  caicci 

dioxide  and  series  of  other  gases.  Are  lugaup.  several  principles  - 
the  construction  of  the  schematics  cf  the  atmosphere.  In  cc»[C£iUt  ■ 
cf  air  the  atmosphere  is  smtdivided  into  b<|cspbere  and  to 
heteepsphere.  In  the  homosphere,  vhich  stretches  to  taeijnt/alt  it  j<iet 
-95,000  s , the  air  ccipcsiticr  nith  hcigfct/altitude  barely  changes. 
In  heferosphere  nitrogen,  oxygen  acd  ether  gases  under  the  effect  of 
the  ultraviolet  radiation  cf  the  sun  dissociate  and  are  located  in 
atomic  state. 


■( 
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Since  tbe  temperature  c£  air  is  tie  basic  parameter,  which 
determines  the  physical  constants  cf  the  aticspbece,  the  greatest 
interest  for  ballistics  represents  the  schenatic  of  the  structure  cf 
tbe  atvosphere  according  tc  the  character  cf  the  temperature 
distribution  with  height/altitude.  In  this  scbenatic  the  Karth's 
atncsphere  is  subdivided  into  five  base  layers,  by  the  named  spheres. 

lower  layer  - troposphere,  extending  ir  ciddle  latitudes  to 
height/altitudes  ~ 1 ipo  0 a,  and  in  equatorial  fields  - to 
height/altitudes  -16,000  a.  the  heigfat/alt  itrde  cf  the  troposphere 
depends  on  season,  increasirg  by  suiaer  and  decreasing  oy  winter.  In 
the  treposphere  is  contained  by  -7So/c  cf  ertire  mass  of  the 
atncsphere  and  basic  part  of  water  vaper.  Ip  the  troposphere  are 
j fern/shaped  all  weather  pherenena.  Cistiqctjve  features  cf  the 

treposphere  - temperature  decrease  cf  air  with  height/altitude. 

i 

^ However,  and  in  summer  after  clear  celt  nicits  can  in  summer  be 

observed  the  temperature  inversions,  at  which  tbe  temperature  on 
height/aititude  first  grow/rises,  and  then  it  begins  to  decrease.  In 
tbe  treposphere  occur  tbe  considerable  horizontal  and  vertical  flews 
cf  aic  masses  - winds,  horizontal  tirds  are  caused  by  a difference  in 
the  barometric  pressure  in  the  different  pieces  cf  the  earth's 
surface,  vertical  -i  by  a difference  in  the  tenperature  on 
he  ight/altitude. 


w 
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following  layer  - stratosphere,  which  stretches  in  middle 
latitmdes  from  -11,000  tc  -50,000  a.  Tie  stratosphere  to 
height/altitudes  -30,000-35,000  a is  characterized  by  temperature 
constancy,  but  at  larger  he jght/altitude,  with  apprcach/apprcximation 
tc  upper  boundary  o£  the  stratosphere,  the  temperature  grow/rises;  in 
this  case,  occur  the  considerable  diurnal  atd  cay-to-day  oscillations 
c£  tesperature.  A change  in  the  temperature  gradient  between  the 
trcpospbere  and  the  stratosphere  occurs  in  the  relatively  narrow 
layer,  called  tropopause.  lie  thickness  of  the  layer  of  trcpopause 
varies  from  several  hundred  meters  tc  -S0CC  m.  In  the  relatively 
rartom  layer,  which  covers  tropopamsc,  are  ctscrved  the  powerful 
displacements  of  air  masses  fioi  west  tc  the  east,  the  so-called  jet 
streams.  Lower  than  tropopanse  one  kilcteter  arc  approximately  tc 
observed  flows  (winds)  with  the  aajimuv  velccities,  places  those 
reach  -110  m/s  (400  km/h).  The  range  of  jet  streams  is 

characterized  by  high-speed  gradients  in  vertical  and  horizontal 
directions. 

Cage  71. 

Above  the  stratosphere  is  arr a nge/loca tt d the  mesosphere,  which 
stretches  from  heigbt/altitide  -50,CCC  1c  -90,000  m.  it  is 
characterized  by  temperature  decrease  tc  upper  tcund  of  layer  and  by 
increased  turbulence. 


it  y. «* J - 
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thermosphere  - this  a layer  ar*  ataospieric  fro*  ~90p00  tc 
~ 5 0 Op 00 a , which  is  characterized  by  the  .ccctinucus  increase  of 
temperature.  In  th,e  upper  part  of  the  tberacsplere  at 
height/altitudes  400,000-500/00  a the  temperature  of  air  reaches 
-15C0«k. 

A layer  arrai»ged/]ccated  cf  height/altitudes  -500/10  it  to  the 
e.ateraal  boundary  of  the  atacsphere,  v.e»(  -approximately  to 
2/GC,0£C-/000,000  a,  is  called  exosphere.  In  exosphere  the  atmosphere 
is  very  rarefied.  The  transition  layers  betweec  the  naaed  spheres  are 
called  respectively  of  stratopause,  lescpaaee  and  thermo-pause. 

the  itportant  characteristics  of  the  state  of  the  atmosphere  are 
al*c  pressure  and  air  density  which  unlike  temperature  with  an 
increase  in  the  height/al ti tude  nccctcr ically  decrease. 

Ibe  power  effect  of  the  atacspbere  oa  flight  vehicle  is 


characterized  by  velocity  head  <7— - 


fp  - Bass  air  density),  which 


has  vital  importance  at  height/altitudes  tc  25/00-30,000  a.  on 
height/altitudes,  high  30/00  a,  the  effect  cf  .the  ataosphere  it  is 
expedient  to  consider  ctly  curing  the  calculation  a or  of  Earth 
satellite. 


V'fc'i®''  ?'  **  " 


r V-  . 
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3.1.  Standard  atmosphere. 

Jo ves tigatioi^s  shoved  that  the  physical  atmospheric  parameters 
considerably  change  dependiig  on  cliiatic  iccnditions,  tne  season  and 
height/altitude.  Ballistic  calculations  are  performed  for  the  ncraal 
aeteorclog ical  conditions,  which  correspond  to  average/mean 
statistical  experimental  data  or  tc  the  so-called  standard 
atmosphere.  The  deviation  of  meteorclogica 1 ccrditions  from  their 
noraal  values  is  ccnsideced  separately  in  tie  theory  of  the 
ccrreatioqs  (see  Chapter  XI) . 

1c  1920  in  our  country,  they  used  conditional  atmospheric, 
obtained  by  processing  surface  met ecrclcgica 1 conditions  in  Moscow 
area.  In  1920  mas  accepted  international  standard  atmosphere  (PSA). 
Fcr  artillery  practice  into  1927,  they  introduced  the  noraal 
artillery  atmosphere  (NAA).  In  1949  mere  published  the  detailed 
tables  cf  standard  atmosphere  (G0S1  ( r0CT  - All-union  State 
Standard]  4401-48).  With  the  development  cf  high-altitude  aircraft 
and  rocket  engineering,  appeared  the  need  acd  tie  possibility  cf  the 
upper  atmosphere  research-  Icuaid  the  ecd  5 0-  -th  year  , was 


accumulated  large  experimental  material,  which  allowed  the 
coordination  committee  cf  the  AS  USSB  tc  pxc ject/emerg e with  the 
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project  of  new  standard  atacsphere.  Has  first  accepted  time/teupcrary 
standard  atsosphere  VSA-60,  but  latar  - standard  atmosphere  SA-64  or 
siaplj  S A. 

Xhe  tables  of  standard  atsosphere  (G0S2  4401-64)  are  intended 
fcr  bringing  the  results  of  calculaticns  anc  seasuresents  cf  the 
aircraft  character istics  ard  engines  and  tc  identical  atmospheric 
conditions,  for  the  graduation  of  iijstr uaects,  fcr  use  during 
prccessing  of  the  results  cf  geophysical  anc  ie teorologica 1 
■east re seats,  etc. 

In  the  SA-64  in  functicn  fros  altitude  H,  are  given  the 
following  characteristics  of  the  atsosphere:  kinetic  temperature  7 
(in  °€  and  °K) ; the  barcaetric  presscre  p (kgf/i2  and  on  Hg)  ; density 
f.  (in  kg/n*  and  kg«s2/n*)  ; aclecular  weight  R ; the  speed  ot  sound  a 
(in  a/s  aqd  ks/h)  ; dynaaic  liscosit;  ft  (in  poise  and  kg»s/i*);  the 
tree-fall  acceleration  in  fcedy  v>  (in  »/e*)  ; seat  free  path  of 
■clecales  J (a).  It  is  assuaed  that  wiqd  et  all  height/altitudes  is 
absent. 

lepending  on  the  character  of  a change  in  the  teoperature, 
eetira/all  ataosphere  tc  height/altitude  2CCJDQC  a is  broken  into  11 
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152- 

lajcr*;  for  each  Layer  it  ie  accented  that  the  aclecular-scale 
tsapeiature  Tu  in  the  function  of  geofcteftial  height  $ changes 
according  to  lineao  la*  *itb  gradient  ^M  = — - . Geopotentiai  height  is 
deterained  frea  the  equaticr 

— = (2.36) 

JH  trt 


Substituting  in  (2.3t)  for  the  spberierl  icdel 
*5 


Earth 


^T0 


(/? a + nyt 


, let  us  fate 


<t>  = 


(«3  + HV* 


-dH. 


after  integration  *e  will  obtain  the  fcraula,  which  connects 
gecpctcntial  height  with  cecaetric: 


g, M 


Kz+H 


Vhe  values  of  the  gradient  of  the  teaperature  in  the  appropriate 

layers  are  equal  he: 


M cao*  ( 1 ) 

1 i 

1 

2 

3 

4 

5 

MHTepBa^  Bhirot,  k ^X) 

aM  H*  in. 

(t) 

|'Ao  11000 

(4) 

Ot  11000 
Jio  25000 

(s) 

Or  25000 
Ao  46000 

$ 46000 
ao  54000 

Ot  54000 
Ao  80000 

-651122 

0 

4-276096 

0 

-349544 

uar- 
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K«):  11).  No  layer.  (2).  Interval  cl  he  jght/altitudes,  m.  (i).  To. 
(4).  free  to.  (5).  (deg/geop otentie 1 >) . 


Page  73. 


rjtofl  (7;  ' I.  7 j 8 j 9 , !<t  I : 

- fir  fjj  "55  (V>  @ (5) 

HiiTepBa.i  ubi'dT  u Ot  80090  0JT^'>i«MK)TT10tK)Ol)TMo(H)ii(>H;«)Ou0(7rl''iHKi(i 
| *0  Sduooao  noooo  flo  uoouo.ao  laoooo  a"  ioo"0"ao  -^ouooo 

(i  pa  A rn.M)  0 ! +500000  + 80174ii+'J34t;357  -■  1987HW  -‘•3o84|‘i 

Ke):  11).  No  layer.  (2).  Interval  cf  bcight/altitudes,  a.  (3) . from  to. 
(4).  jjdeg/gecpoten tial  a). 


Kinetic  temperature  is  connected  with  iclecular-scale 


teiperature  by  the  dependence 


t-tk 


hbcie  H o and  M - molecular  teight  cf  air  at  tie  level  of  sea  and  at 
height/altitude  H.  For  H ~ C— 95,CC0  m,  aclecular  weight  is  constant 
and  equal  to  H * M0  = 2fc,S6t.  it  heigbt/altituces  it  is  more  than 
SSjCCO  a,  where  continues  tie  process  cf  the  gaseous  dissociation  of 

the  atmosphere,  it  decreases.  For  the  deteninetion  of  molecular 

S/I- it 

weight  of  air  in  the  interval  cf  heights  H * 5 5,000-110,010  m in  S-^,  is 
accepted  the  dependence 

M = 23  -L  -5'—1  1 145000*-(/7-9.')00OiI, 

145000 
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while  for  heights  H = 1 1CJ3CC-2OQ0CC  a,  is  given  special  table  (with  H 
* 2CqeC0  ■ H = 2^0  0.0) . 

icraulas,  which  deternine  pressure  charge  with  heig nc/a It i t ude, 
instituted  cn  hypothesis  atcut  the  vertical  equilibriua  or  the 
atncsphere.  Ci)  this  hypothesis  the  weight  cl  tie  horizontal  layer  cf 
air  of  the  eleaentary  thickness  dU  and  cf  urit  area  is  balanced  by 
the  eleaeqtary  difference  dp  in  the  pressures,  which  act  on  upper  and 
l.cwer  the  tase/coot  of  layer  dp  * -gpdH. 

Itilizing  an  equation  cf  state 

p~  l’cRT,  i •_>.  3'  I 

where  B - gas  constant,  equal  £ * cf  28.27  a/deg,  we  will  obtain 

dp  1_  dH_ 

p ~ R T 

hence  ccaacn/general/tctal  tcrnula  fcr  p will  take  the  form 

H 

1 i*  dH 

-S’}  r 

P=  P*e  (2.  38 1 

(in  tqraula  (2.38)  and  the  subsequent  depe licences  by  index  * are  noted 
the  values  of  the  parameters,  which  ccrcespcnd  tc  lower  boundary  of  a 
layer  in  question). 
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Ease  74. 


integral  can  be  taken,  if  is  known  dependetce  T = f(H).  We 
convert  (2.38)  for  geopeteg tial  height,  after  substituting  fron 
(2.361 


After  this  we  will  obtain 


4> 

r d± 


P ■---  p*e 


(2-  39  i 


for  isothermal  layers  (2nd,  4th  and  tie  6tb)  with  aM= 0 and  T-- 

Fm  = const  after  integraticn  (2.3S)  we  will  cltain 


P=P,e 


-Pfr 


(2.401 


where  into  exponent  is  introduced  Ry*—  the  specific  gas  constant  of 
dry  air  (/?„==  287,039  a*/deg«s)  agd  G0  - coefficient,  numerically 

ecual  to  the  free-fall  acceleration  in  the  body  at  the  level  of  sea 
and  which  has  diaensionality  a*/s«cecpctent  ial  i. 


Ey  analogy  with  fcraula  for  the  pressure 


~ rTt  <*-»•' 


e=Qte 


(2.4H 
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for  layers  with  the  linearly  changing  temperature  (1st,  3rd, 
5th,  7th  and  fro*  the  eighth  on  the  11th) 

7"m  — 7"m»  — aM(d>  — 0,1; 


rM,  . 

t 

(2.42 

l,+  °»  ) 

)„  IH. 

1 »VI/ 

0— 0*£ 

rMv 

■ 2.43 

the  given  in  SA-64  values  ot  dynaiic  epd  kinematic  mouuli  cl 
viscosity  were  determined  ty  the  Icriulas 

^ '"-Mro1  t+  uo.4  « 

Key:  i 1)  . and*. 

She  speed  of  sound  was  located  tcci  tie  expression 
_ f'J 

<j  = l AtfAT^  20,0463  V T m/c, 

Key:  ,(!)-  s/s. 


and  the  aver age/ me an  length  cf  the  free  of  iclcculss  jr  , was 
detersined  by  the  formula 

/ i .-JSS.lv  | — m.  (2.44) 
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conveniently  used  during  prectical  c a lculat ices . 


Bata  given  in  SA-6b  for  heigh t/ alt  it uc ts  from  200,00  0 tc  3CC,CCC  m 
should  examine  only  as  recommended,  since  «t  the  high  altitudes 
(especially  sore  than  ICO  kr)  ct  the  characteristic  of  thi  atmosphere 
(temperature,  density,  molecular  weight,  etc.)  ace  subjected  tc  the 
very  strong  changes,  caistd  ty  the  oscillations  c£  sclar  radiation. 
Tatulmted  data  correspcid  tc  the  average  level  cf  solar  activity. 

Cur  ve/graphs,  which  show  change  1,  p and  p a n function  from 
height/altitude  H (on  SA-fii),  givep  tc  fig.  2. IS  and  2.20. 


*cr  the  snail  height/altitudes  when  H<R3,  it  is  possible  to 
accept  $ * a and  gT«gT.  0=const.  These  assuaptiens  take  it  possible  tc 

ettaio  formulas  for  the  calculation  cf  the  values  of  weather  factors 
directly  according  to  altitude  of  flight,  usually  determined  during 
the  solution  of  the  problems  cf  external  ballistics  for  rockets  and 

the  projectiles,  intended  for  a firing  for  relatively  small  distances 
u<  < 50,000  M) 
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fig.  2.19.  Dependence  at  teiperature  c g heigbt/altitude  for  standard 
atacsf beta. 


Ease  76. 


In  artillery  practice  finds  a cse  the  renal  artillery 
ataospbere  (NAA) . Unlike  SA-64  in  KAA  ie  ccpsidered  the  air  humidity 
by  introducticn  instead  of  actual  temperature  1 cf  condrticnal 
teaperature  - r.  He  will  ettain  the  simplified  dependences,  which 
ware  being  utilized  in  NA  I for  the  calculated?  cf  weight  density  and 
pressare.  For  weight  density  P = pg  dry  air  frci  (2.3 7)  we  obtain 


In  NAA  instead  of  the  tarcietric  ptasetre  p Kgf/si*  is  introduced 
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10  5 


0 50  100  150  200  250  Hum 

Fig.  2.20.  Dependence  of  density  and  pressure  cc  height/altitude 


statdttd  atmosphere. 


Key:  j[1).  kg*§2/a4  - 2).  kg/i2. 


i age  77. 


The  weight  density  of  humid  ait  pet  unit  cf  volume  (ra 3 ) is 


f CL 


lccated  through  the  similar  depenceijce 
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Counting  that  with  sufficient  for  practice  accuracy,  that  at 
identical  pressure  and  the  tenperatcre  eater  vapor  density  it  is 
equal  to  5/8  from  the  density  cf  dry  air#  ee  will  obtain 


aad  finally 


n=  i3.6  — i'i-  — 

AT  l 8 


If.  48 


if  necessary  tc  cctsider  air  huiidity  intc  tallistic 
calculations  is  introduced  so-called  ccpditiccal  or  virtual 
teuperature 


aid  subsequently  instead  of  the  real  husid  air#  which  is 
characterized  by  values  h,  P,  T and  e,  is  eraained  conditional  dry 
air  with  characteristics  h,  P and  »;  this  conditional  air  exerts  the 
saue  resistance  to  the  driving/aovigg  in  it  projectile  as  actual  air. 
Tailing  into  account  r fcriula  for  weight  arc  wass  densities,  they 
take  the  fora 

if.  50 
if.  51 


n 


13,6  — , 

/?T 


0 = 13,6—  . 


M 


Correction  into  temperature  for  air  huaidity  is  insigmi  icant 

IT  ss  0.3% . 


fcr  standard  conditions  at  th€  level  cl  sea  in  naa  are  accepted: 
AoA=  150  aa  Hg;  e0v  = (j,35  ■■  Hg,  that  ccrresjcads  tc  50o/o  ci  relative 

huaidgty  to.v  = ^8,8“  K (fo.v  = + 15  Cl . II, \ 1,206  kg  / a * i>ov  =0. 1229  kg«£?/»4 

flov  — 340,8  ■/s.  Just  as  in  ether  standard  atmosphere,  it  is  accepted 
that  the  atmosphere  cn  all  teight/altitudef  is  located  in  cala  state, 
i»«.,  vind  is  absent.  During  the  deter i iqat  ico  ci  a change  cf  the 
pressure  and  density  with  height/a Jtitude  it  Nil,  is  accepted  the 
dependence  r = i(y),  ottaired  0.  A.  VecttseJea  cn  the  basts  oi 
processing  the  results  c £ tie  repeated  sourcing  ci  the  ataesphere  tor 
average  sunnier  conditicrs  £9j. 

Page  26. 

Tc  heights  y ^ 930C  a,  it  is  accepttd 

* ~ To/v  G\U ■ ( i’.  ~yj 

vhere  G t - the  teaperatice  gradient,  egcal  tc  C.G06J26  deg/m  = const. 


Icr  height/altitudes  froa  930C  to  12,000  a,  it  is  accepted  that 
Gg  linearly  decreases  frea  C. 006328  tc  zerc,  i.c.. 


</. 


*06,1.8  — i M * Vi,J:8 


Iv  9-  tl  H > 
ijooti  — 9;<(hj 


:.3 
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I change  in  the  teaperatcre  with  hgigfct/altitude  will  be 
determined  by  the  fcraula 

c, 

T = t,,0(J  | Qyix. 

9300 

the  substitution  oi  fctsula  (2.53)  and  integration  makes  it 
feasible  tc  obtain  foraula  for  changing  the  teifecature  with  the 
he  ight/alt itude 

T = 230,0  - 0,006328 ( y - 9300 » -L  1,172- 1 0-'  ( y - 930< i)J. 

Pot  height/altitudes  1 2,C  0 0 , a < y < 3^000  is  is  accepted  r = as 

221. 59P  * const. 

the  values  of  pressure  and  density, 

from  the  obtained  from  (2.38)  formula 
from  (2.45)  to  the  formula 

H=  13,6^2.  e R ® ' • 

Rx 


lea  tc  hk A,  were  calculated 
y ^ 

_ 1 C 

* ) t 

h = htle  0 and  following 


(2.54) 


If  v«  relate  this  density  to  air  density  cn  the  surface  of  the 
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Ea.rth*  thee  it 
density  change 


is  possible  tc  obtain  tie  d ia  en*  icnless  function  of 
with  heigbt/aititude.  Cn  the  surface 


■f  K«  n 


Eespeatively  it  is  possible  to  erite,  also,  for  the  pceusure 


*0 


Per  height/al titudes  tc  9300  ■ and  qoraal  letecrologicai 
c.cpditions,  i.e.,  then  h"  and  II, , ~i]oA.,  rtilizing  formula  (2.52), 

te  hill  obtain: 


h 

».A 


.1  II 


■_  ro 

T \*°« 

- I M 


— ~ = H (y)  = n(y) 
^V).V 


Key:  |1).  and. 


(2. 55) 


Page  79. 

Ccr  coaplex  teaperature  deiendences  r - f(j)  the  integral  in  the 
light  side  of  foraulas  (2.54)  is  taker  by  ere  cf  the  nuaerical 


»e  t hods 
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According  to  the  given 
useful  auxiliary  tables  fee 


abeve  fciaulas  is  calculated  a series  ct 
the  di ie rsicnlsss  functions 


(•) 

H i t„a  t:  | tM't;  .t  i y)  napyinx 

K«»i  II).  and  others. 


Hong  with  NAA  was  utilized  alsc  irte  i rat  ic  nal  standard 
a.tacsphere  MSA,  but  oaitly  curing  the  scluticc  ct  different  aviation 
probleas.  Parameters  of  f.SA  for  a zero  level  arc  the  following: 


Co 

P(,  =i  760  MM  pT  CT  . r„ 

Mjs  |i).  ■■  dg- 


288'  K.  y,," 0.125  xrc-tf-V 

(i).  kg«s*/n*. 


to  height/alt itudes  11,CCC  i is  accepteo  the  linear  deiendence  ot 
a change  ic  the  temperature  with  the  hcight/altitude 

7*  = 7-, -0,00654  u. 


On  the  basis  cf  ccuci/gerera  1/total  fcriclas  (2.U2  and  2.  a 3) 
after  a secies  cf  t tans  for ■ at  ions  it  is  possible  to  obtain 

r /»„  | i — i "'  ,2.  r>-. 

> 44  300  1 

and 


0=  On 


44  300 


u 


A 
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>01  heiqht/al  t itudes  troi  11CCC  tc  20,t(,C  m,  the  temt-etature  of 
ail  ci  PSA  is  accejted  ky  ccnstant  ard  tquaJ  1 ~ 21b. 5°K. 

Ait  huaidity  in  (ISA  is  net  considered. 

■utinq  the  solution  ct  the  practical  ttsks,  for  example,  dutimj 
ballistic  desiqn,  for  calculatinq  t tc  ciaens ic r less  function  of 
density  change  mtfc  hei  c;  1 1/ a 1 1 i t ud  e it  is  ccnvecient  to  use  empirical 
fen ul as.  Arc  knowg  the  fcriulas:  (tefessor  V.  P.  Vetchinkin 


lineal 
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In  all  formulas  y should  be  taken  in  «;  it  last  three  fornulas 
coefficient  k - 0.0001. 

Page  80. 

§4.  AEBCDY  N A HIC  FQBCES  AMD  IHElfi  MCflfNJS. 

Jr  flight  o£  rocket  cr  projectile  in  tie  etnosphere  on  then, 
acts  air  resistance,  called  aercdyraaic. 

Aerodynaaic  drag  7 is  coaposed  c £ the  rcrces  of  pressure  air, 
directed  along  norials  to  tie  surface  of  flight  vehicle,  and  the 
frictional  forces  of  air,  tangential  tc  it.  Beswltant  force  IT  is 
applied  to  flight  vehicle  at  the  point  which  calls  center  cf  pressure 
(fig.  2.21).  Usually  cecter  of  pressure  does  net  coincide  with  the 
center  cf  aass  of  flight  vehicle  ard  diring  the  displacement  of  force 
cf  T = T'  to  the  center  of  aass  appears  torgue/aoaent foraed  by 
force  couple  ? and  B".  force  applied  i?  the  center  of  aass  cf 

rocket,  calls  the  gain  vector  cf  aeicdyraaic  fcrces,  and 
tef gue/acaent  j3\0  * by  the  aain  accent  of  aerodynamic  forces.  In 
essence  the  action  of  aerodynaaic  force  leacs  tc  a decrease  in  the 
velocity  of  racket  flight.  Ihe  action  cf  tcigwe/aoaent  /Vj^ causes  the 
rctary  aotion  of  rocket  around  the  center  cl  aass.  By  the  study  cf 
the  phenoaena,  acccapanying  interaction  of  llicht  vehicle  with  the 
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incident  airflow,  is  occupied  aerocyraiics  ^33,  3b].  Let  us  here 
examine  oqly  the  questions,  direct^cc nrec tec  with  practical 
application/use  in  external  tallistics  cf  fcraulas  ter  the 
calculation  cf  aercdynaiic  forces  and  ter gce/icaents. 

(t  is  establlsh/instal  led  that  if  we  dc  net  consider  unsteady 
flew  ccnditicq,  then  the  air  resistance  depends  in  the  first 
approximation,  on  form  acd  tfce  size/di  tens ic ns  cf  rocket,  velocity  of 
it*  flight  v,  on  the  air  density  p and  cf  its 

ductility/touyhness/visccsity  p,  ct  the  speed  cf  sound  in  air  a, 
determined  by  its  temperature  and  wkich  affects  tne  disturbance 
propagation  in  air,  and  also  op  the  pcsiticr,  occupied  by  the  rocket 
cf  relative  directicn  cf  its  vetier  alcfy  trajectory,  characterized 
by  th«  angles  of  attack  a.  and  of  slip  i*e.# 

R = f(d,  v.Q.p.a,  a,  3t,  (2.61) 

where  d - a significant  dimension  cf  rccket  (fer  example,  the 
diameter  of  the  greatest  cress  section  cf  fcedy  which  frequently  calls 
maxima*  cress  section  cr  siiply  by  midsecticn). 
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fcices  to  the  center  of  lass  cf  rccket  for  t vc-dimensional  problem 


Fage  81. 


. ith  the  aid  of  the  theory  of  similitude  and  dimensionality, 
functional  dependence  (2.61)  is  converted  sc  that  the  independent 
variables  become  dimensionless  and  their  nmiber  decreases.  As  a 
result  s obtained  the  formula 


R=^-^L  *1^; 

2 4 (1 


L\  fiu’ 


vhere  * - a sign  of  certain  functional  depecdence. 

lore  frequent  instead  cf  (2.62)  is  utilised  the  formula 

R=qSip\M,  Re,  a,  3),  1 - 88 


vhere 


velocity  head  or  the  incident  undisturbed  flow; 


1 


L 


xoc 
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S - area  of  maximum  cress  secticn  cf  rcckct; 

'/?—  dimensionless  aerodynamic  ccef  f ic ie a t , depending  on  Kach 

f/c 

combes  M-  Reynolds  nunter  angles  <*  and  (3. 

Jf  during  calculation  R render/shews  necessary  to  consider  a 
charge  in  the  angles  a and  £ in  tiic  cr  the  angular  velocities  cf  the 
relation  of  rocket  i.e.  tte  unsteady  flew  rendition  of  missile 

tedy  of  air,  then  it  is  necessary  wgdei  the  sign  of  function  in 
formulas  (2. 6 1)  - (2. 63)  tc  introduce  values  a,  £,  (l)j  and  time  t. 

Investigation  with  the  aid  cf  the  theciy  cf  similitude  and 
diaensicnality  made  it  possible  tc  also  ofctcis  following  formula  fer 
the  value  cf  the  main  acsejjt  of  aeicdyaaaj.c  farces  Afa: 

.\1,=qSlm.  64: 

where,  besides  previously  named  values,  /—  characteristic  length 
cf  rooket  (for  example,  the  length  of  iccket  frci|  its  bottem  tc  the 
apex  of  the  cone);  ■ - c i me rsicnle s s aeiodyiamic  coefficient, 
depending  cn  the  fora  cf  rccket,  its  pcsiticn  cr  the  trajectory,  the 
velocity  of  ratary  aoticr,  tixe,  etc. 
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Bcr  separate  comprising  R and  y.,  also  ai«  applied  the 
dependences,  similar  (2.83)  and  (2.64). 

Is  decomposed  the  aaii)  vector  of  aerodynaeic  forces  tc 
components  along  the  axes  cf  flea  {0xyz\  and  connected  (OxiVi^i'  the 
systems  cf  coordinates  (Pig.  2.22) - Ibmse  ccmprising  have  following 
designations  and  the  nates: 

a)  in  the  continuots  operation  cf  the  coordinates:  X - drag;  Y 
lift;  Z - lateral  force; 

b)  in  tody  coordinate  system:  - longitudinal  or  tangential 

resisting  force;  Y x - normal  force;  Z,  - lateral  or  transverse  tcrce 

Pace  82. 


Those  comprise  of  the  nain  mcaent  cf  aerodynamic  forces, 
undertaken  along  the  axes  of  flew  aqd  Udy-iiitc  systems,  have 
following  designations  and  the  names:  Mx  aid  Mty  — moments  of  roll 
respectively  in  flom  and  tody  coordinate  syrteis;  and 

yawing  moments;  and  mj  _ pitching  moments  (sometimes  them  they 

call  pitching  moments). 

Knowing  comprising  T cc  5/ in  any  coordinate  system,  we  easily 
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fird  their  complete  values,  for  example, 

5r*+)  *Tzi- 


Sirecticns  R and  .l7;l  are  determined  each  fc  > three  angles  which 
can  be  determined  by  the  values  of  their  cc.iines,  with  respect  equal 
(see  Fig.  2. 22) : 

A-  X -A-  K 

cos i .v; R i = — ; cost i/;  A* ■ — — ; 

A* 

cos^;/Vi  = — , 


cos  (x,;A/,W-~ 

A1a 

_A_  m ~A_  ^ 

cos  1 1/,; M,)=  -f-;  cosU',:^.'=  -rr1  • 

Ala  Afa 

Since  of  majority  comprising  f and  the  names  coincide,  it  is 

cctpulsorily  qecessary  tc  give  not  ccly  values  these  of  tncse 
comprise,  tut  also  to  specify,  tc  bhich  cccxdirate  system  they  are 

related . 


In  aerodynamic  designs  conveniently  tc  deal  not  with  lcrce 
ccijcocnt  ana  tary ue/mc  i e c t s , but  * i t h their  cceff icients.  In 
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accordance  with  formulas  (2.63)  and  (2.64).  it  is  possible  to  write: 


X — qSr/,  Mx  — qSlm/, 

)'—qScv;  My=qSlmy, 

Z = qSr7\  Mz  = qSlrn2 , 


(2.  65) 


where 


f>.  c„.  c„  ntx , my.  m,  _•  tfce  corresponding  diaensio r.less  tcrce 


coefficients  and  fcorque/senents  in  tbs  continuous  operation  of 
coordinates. 


Comprising  R and  ir.  that  connected  of  coordinates  are 

detettined  frea  foriulas,  similar  formulas  (2.(5),  hut  by  that  having 
index  "1"  in  the  designations  force  ccifoaett  and  torg ue/aomen ts  and 
their  coefficients.  The  cases  coeflicictts  connect  the  designations 
cf  those  force  component  aijc  torque/mcaeqts  which  they  detersire.  Fcl 


exauple:  r,  — drag  coefficient; 


coefficient  of  longitudinal 


force)  nh — pitch ing- ac a«4 1 coefficient  iq  the  continuous  operation 
ct  coordinates;  m; , — pitching-ao se nt  ccet i ic ie tt  in  bedy  coordinate 
system. 


Pig.  2 .22.  Expansion  of  the  main  ^vector  of  aerodynamic  forces  into 


tb-cse  comprise  in  tie  ccrnccted  and  continicis  operations  of 
coordinates. 

I Eage  83. 

Mhen  conducting  of  theoretical  calculators  and  experiments  in 

t kind  tunnels,  aerodynamic  coefficients  are  ceteroined  in  any 

< 

| coordinate  system. 

t 

passage  from  one  coordinate  systen  tc  another  is  realized  cn 
formulas  (2.6).  Pros  Pig.  2.22  are  cbvicus  the  dependences  between 
aerodynamic  force  components  in  the  ccncectec  and  continuous 
operations  of  the  coordinates 

_A_ 

A - A',  diK.v,;  .v  J , i'iis  i jci  :-Z, 

_A_ 

I = A', (.v,:  (/  '-I',  i-osii/,; //i-l-Zji’os 

_A_. 

Z~  AT,  .v,;  . cos  1 Z,  i'o< 


the  values  of  aerodynasic  forces  differ  tr.cn  the  aerodynamic 
coefficients  of  these  forcer  tc  ccrstant  «aiue  gs,  while  the  values 
ci  tcxrgue/acaents  froa  scaect  coefficients  - tc  a constant  value  yS(, 
therefore  formula,  of  one  coordinate  system  into  another,  they  will 
le  t ha  saae  as  for  the  ccnversicr  cf  forces  tbenselves  and 
ter  gue/aoaents.  For  exaaple,  for  the  conversion  of  the  aerodynamic 
coefficients,  found  in  ledy  cocrdirate  system;,  in  connection  with 
ccntinuous  operation,  on  the  tasis  cf  fcraudas  (2.66)  it  is  possible 
tc  write: 

- A _A_ 

A = ,'tI'‘osl.v1:.r)  f-r,,,  cos (//,;. vi  cost x ; 

-A_  _A_  _/\.  fi7 

r u~  <" cos  (jr,;  //l-fr,,  cosi«,;  cos  y\; 

_A_  _A_  _A 

<"2  = ' .,  cos  1-Cj;  - ) cos(t,,;  -j-r.,  cos  A. 


The  action  of  flight  vehicle  ii)  air,  strictly  speaking,  it  is 


net  possible  to  consider  being  steady;  therefore  the  aerodynamic 
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I 


force  coefficients  and  tc  i gue/xciie  i i £ itst  cepend,  besides  the 
values,  given  in  formula  (2.61)  eveq  f ici  tie  -characteristics  of 
unsteady  flow  condition. 

Fage  84. 

Fcr  example,  for  the  coefficients  cf  lift  ctd  .lateral  forces  taking 
intc  account  control  forces  it  is  possible  tc  trite  these  functional 
de  jendences : 

f*=/ia. M,  Re.8Vl,8Zl,a,  <0*., <»*,  | 0 gg 

c*=/l«.  ?»  M,  ReA.A,.  a,  My,.  «».  “»*.  t ••  • >.  | 

there  8:.,,  ir,  — angles  cf  rctaticn  cf  the  ccnticls,  governing  change 
lateral  aqd  lift,  respectively  arouqc  axes  oyt  and  oz,,  tody 
coordinate  system; 

ax,  Hty,  to,  — given  aagular  rates  cf  rctatitn  cf  flight  vehicle  of 

the  relatively  fixed  earth's  axis; 

a>  h - given  angular  rates  cf  rotation  cf  flight  vehicle  of 
relatively  drag  axes; 


8fi,  given  angular  rates  cf  rctaticn  cl  controls. 


Given  angular  velocities  indicated  aie  values  dimensionless 
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egmal  to 


a = a — ; ?— j»  — ; 5-v.  — I **,  — 8'- 

V V V . V 

, (0 

u> , = U),  ; Ulj,  = «> •>,=  », II  T-  n- 

■'  •'  t’  u l’ 

tp  Key:  (1).  and  the  like. 


Aerodynamic  moments  can  be  presented  as  products 


MZt  = KjA/;  Af,,,  = Z,A/, 


where  At  - distance  between  certers  cf  lasses  and  the  center  of 
(ie££ite. 


Accepting  for  Yt  and  h the  dependences,  similar  (2.65)  and 
(2.681,  we  will  obtain  expressions  fer  tor qce/xcments  through  the 
ccef f icieijts  of  the  corresponding  aercdynavic  forces 


Mz,  = qSl  y-fj,,  (a,  3,  M,  Re,  S#l,  #,,,  a,  3 ...  I; 
.WPi  --  qS/  ~ rlt  (a,  3,  M,  Re.  8^,  8,,.  a,  3 . . . >. 


i,2.  71) 


Only  in  the  simplest  cases  (metier  with  constant  "v,  a,  8 cr  flow 
arcund  bodies  by  steady  flow)  value  At  is  constant  and  can  easily  he 
determined  by  experimental  end  calculations,  kith  various  kinds 
oscillations  and  the  sharp  laneuveting  cf  flight  vehicle  the  flew, 
which  flows  around  it,  will  heccie  instead},  the  center-ol -pressur e 
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Bcraula  (2.73}  is  valid  during  siali  changes  in  the  Mach  number; 
hovever,  it  is  necessary  to  bear  ic  mind,  that  during  considerable 
chango  of  M the  fort  curved  substantially  changes  and  this 

■cat  he  considered. 

he  convert  the  coancn/general/tctal  expression  for  m- , to  tore 
convenient  for  calculaticrs  term. 


Equalizing  total  differential  for  the  sun  cf  the  partial 
differentials  replacing  apprcxinately  m.t  = m..,  — m!yn,'  «e  vill 

cltain 


dmt  dm 
m*.  — m'i.or~a-r  — 


dm  _ dm  r dm,  r 
da  dlt, 


K - 


; -■  741 


here  value  of  the  aercdyraaic  coefficient  of  zero  values 

a,  8^,,  Wj , a and 


Eartial  derivatives  cn  the  ancles 


dm 

da 


m. 


dmt 

~di. 


arc  called  by  static  derivative. 


i 

1 

< 
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lere  m,,t  - comprising  the  tc  1 ling-nc  x cut  coefficient, 
determined  by  aerodynaoic  asymmetry  cf  flight  vehicle;  "'l,'- 
ccaprising  coefficient,  determined  ky  slip  ad  the  deflection  cf 
ruddes;  m'->.  6ti  - comprising  coefficient,  deterained  by  the  uef lection 
cf  the  contrcls,  governing  the  bank  cf  flight  vehicle; 

f! Hsia'j  d'"tt  at  . -,i.  - composing  tke  ceiling-moment  coefficient, 

the  deterained  by  mutual  sing  influence  anc  tail  assemblies;  m’>  - 

coefficient  of  the  damping  aoaent  cf  rcll,  created  ky  wings  and  tail 

- - dim  x — dim  r — 

assembly;  L - comprising  cf  the  spiral  moment 

1 1 <Jcu)<i>  df >du!  1 

cf  rcll,  Nhicb  appears  during  the  rotation  cf  flight  venicle  around 
axes  €y,  and  Ozt. 


As  can  be  seen  frcn  ccaicc  formula  (2. 75),  the  rolling-moment 
coefficient  to  a consideratle  degree  is  deterained  by  so-called  cress 
aerodynamic  communicaticn/ccnnectictts.  ihe  outual  effect  of 
longitudinal  and  yarning  sc  tiers  is  exhibited  especially  strongly  viti. 
kaqk  and  rotation  of  relatively  longitudinal  axis  of  flignt  vehicle 


, 1 

t < 
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kith  the  developed  lilting  surtaces. 


Jn  certain  cases  the  vector  of  the  main  icaent  of  aerodynamic 
forces  it  is  convergent  tc  represent  by  the  sua 

,-8o. 

where  U,T  - stabilizing  cr  tilting  acacqt;  .17 * - daepinj  moment. 


The  name  of  torque/ecient  MCT  depend;  cn  the  direction  of  its 
action  in  the  plane  of  the  angle  of  attack  a cr  sideslip  ji . If 
tor que/isonent  increases  these  angles,  it  is  called  inverting,  if  it 
decreases  - that  stabilize-  The  tor que/aomept  cf  daaping  Mt  always 
acts  against  direction  cf  rotation  during  oscillations  relative  tc 
the  center  of  mass.  It  atteapts  tc  irhitit  (tc  extinguish  the 
cscillaticns  of  rocket  ana  its  rctaticc. 

Fage  fit. 

The  separately  undertaken  tcrgue/mcment  of  casping  on  the  tasis  cf 
theory  of  similitude  can  he  represented  by  the  expression 


M,  : - qSl  m 


tfSi  ■ w 


J.  8 1 1 


where  m‘‘ 


- the  ccrres pc nd ing  rotary  derivative. 
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(o  certain  cases  the  tcrgue/mc ment s oi  damping  represent  these 
depend  cu  the  first  decree  cf  flight  speed: 


Mtl=<)SI  m ". 1 i u>.  — S^vl* , 


•2.  8b 


i 

i 


Here  m,  they  call  the  damping  factor;  it  is  equal  to 

y 

Doting  the  solution  cf  the  prcllems  of  spatial  notion,  the 
camping  factor  must  be  determined  fcy  all  three  axes  m,,..  m,.,. 

Ihe  damping  factors  and  the  torgue/ncserts  cf  damping  can  be 
represented  as  sums  of  the  corresponding  coefficients  or  the  basic 
structural/design  assemblies  of  flight  vehicle.  For  example,  during 
the  determination  of  the  damping  moment  of  the  rocket  or  aircrart 
configuration  relative  tc  amis  OZj  ccnmcn/geneial/totai  damping 
•caent  is  defined  as  sum  cf  the  daiping  moments  of  tail  assembly, 
viqgs  and  tody,  on  rockets  and  projectiles,  not  having  sharply 
piotrmding  surfaces,  i.e.,  eingless  and  fitless,  the  factor  of 
damping  body  mill  be  differing  ty  eguatcrial  axes,  but  the  djinn  r 
in  the  damping  moments  kill  be  determined  by  a difference  rn  vai  ;• 

<«,,  and  <*fui • 


Jn  the  process  of  undisturbed  balanced  rocket  flignt  i* 


f it?-statilized  projectile)  ccctr  smeeth  charge  cf  the  an,, 
attack  and  slip.  In  this  case,  as  shewed  many  exaninatr 


1 

> 


'I 


f 


i 
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angular  velocities  of  rgtary  notion  harely  effect  the  value  of  the 
aain  vector  of  aercdynaxic  forces  apd  its  ccapctents.  Therefore 
aexcdysaaic  coefficients  fer  hoisting  and  lateral  forces  are 
frequently  deberained  without  the  accoont  of  the  angular  rates  of 
rctatqcn,  which  were  being  included  fcy  as  acre  coaplete  functicral 
dependences  (2.68),  but  ccapulsorily  arc  ccrsidered  then  during  the 
deterainaticn  of  aoaent  cce ff icientq.  It  is  accepted  also  fer 
siapl|ficatioq  to  count  that  with  low  « and  p tte  lifting  and  lateral 
fcrces  do  not  depend  op  each  ether.  Taking  intc  account  the  noted 
siaplificaticns  they  obtain 


^-^.+^0+^8,,; 


(2.83) 

(2.84) 


Fage  89. 


In  axisyaaetric  aerodynanic  ccqf iguratiepa  c„.=  0.  Furthermore, 
during  performance  calculation  of  the  acticc  of  axisyaaetric  flight 
vehicles  in  the  case  when  the  ccntrcl  devices  of  the  relatively  body 
axes  ft  coordinates  occupy  the  fixcd/recordtd  position,  governing 
acrodynaaic  farce  it  is  pcesible  net  t<c  seperatcly  consider,  but  tc 
include  then  in  those  ccapgients  cf  tctal  acrodynaaic  force.  In  this 

case  the  guided  aissile  sill  be  equivalent  angnided,  and  then 

y^~-Srax  Z = Sr*j',  2 85 

the  drag  coefficient  ip  general  fora  can  <bc  presented  thus: 


cx~  f <M.  Re, a.  ?n. 
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Be peg donee  cx  on  Se  begins  noticeably  to  be  exhibited  during 
considerable  change  in  altitude  ot  blight;  ter  the  account  to  this 
decadence,  is  necessary  cctversiop  c*  to  ciiicrent 
height/altitudes.  Ibe  accent  of  effect  -m  aid  p is  carried  out 
through  the  complex  coefficient  of  inductive  resistance 

+0,(01-  (2.87, 


Ccaplete  drag  coefficient 


0=0.  + Or., 


(2.88) 


•here  cXo  - drag  coefficient  during  the  coincidence  of  longitudinal 
axis  Spd  velocity  vector  of  the  center  cf  mass  cf  flight  vehicle, 
i.e.,  cf  ccndition  a=p=  C. 


f or  the  flight  vehicles,  uhich  have  the  relatively  planar 
trajectories,  for  exaaple,  for  surface- to-sirf ace  missiles,  when  it 
is  possible  to  count  fiz C,  they  are  acst  frequently  United  pain 
si ■ pie  dependence 


O— 0.+0,C  a). 


(2. 89' 


)n  flight  with  relatively  stall  angler  cf  attack 


X=qSc,(  M). 


(2. 90) 


for  the  flight  vehicle*,  close  ia  aerccynaaic  shape,  the  [■ 

graph/diagraas  of  dependences  c*(M)  prove  tc  he  also  close  that  it 
makes  it  possible  in  a ccxies  cf  the  cases  tc  «se  in  the  initial  ^ 


stage  cf  design  ti^e  aerodynamic  coefficients,  detereined  for  these 
exists  it  is  good  theaselies  recommended,  objects. 

Page  90. 


Since  identical  similarity  cot  alvajs  can  tc  had,  then  into 
calculation  is  introduced  factor  cf  proportionality  i,  called  facter 
cf  the  fora 


where  ‘.lyj  * an  upkaoea  aerodynamic  coefficient  for  the  newly 
demiga/pro jected  object;  - aerodjnsaic  ccefficient  known, 

aerody naaically  sisilex  to  that  deaiga/pro;<ct«d  it  is  good  itself 
the  rcccmmended  object  (stardard). 

If  it  is  knows  r,„(  — i tor  any  rccket  (cr  projectile),  then  for 

'a  ! 

the  racket,  close  ia  nercdytamic  shape,  it  is  passible  to  accept 


If  the  for as  of  rcckets  (projectiles)  end  cf  flight  condition 
net  axe  identically  siailar,  then,  obvicusly,  i*1  depends  on  ratio 
v/ a-  to  accurately)  establish  this  dependence  is  possible  only  either 
experimentally  or,  after  obtaining  theoretically  value 

Mt)  £cr  the 

nefly  design/projected  object,  but  in  .this  case,  drops  off  the 
advantage  of  introduction  i.  Therefore  it  is  accepted  to  take  the 
value  cf  factor  of  fort  1 fer  the  calculaticn  of  this  trajectory  by  a 
constant  value,  deteruining  it  appaexiaately. 


the  quaecical  value  i cepeads  cn  the  .fees  of  the  newly 
desigo/pro jected  object  and  values  c*  (~)  icr  Ifcwn  standard  objects 
(rockets,  the  projectiles),  vith  which  new  object  is  conpared. 
Therefore  it  is  always  necessary  tc  indicate  that  in  connection  with 
which  standard  or  us  it  occasionally  referred  tc  as,  to  the  standard 
law  of  air  resistaaco  ) is  deterained  coefficient  i.  It  is 

ccnvenient  tc  utilise  i as  the  coefficient  rf  the  agreeaent  of 
calculation  regarding  firing  distance  with  experiaent.  in  this  case  i 
will  consider  not  only  tcra  of  projectile,  lot  also  all  factors,  not 
reflected  in  this  calculaticn,  for  cxaapde,  the  notion  of  projectile 
relative  to  the  center  of  aass.  Ey  this  it  is  possible  tc  explain 
certain  difference  in  the  numerical  values  cf  fera  factor,  determined 
ca  the  basis  of  experiaental  data,  chtaiqed  by  the  firing  one  and  the 


r 


• i 

i 
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saae  projectile,  bat  at  different  speeds  and  angles  of  departure. 


Id  equation  (2.92)  enters  aass  density  p kg«s2/a.  if  we  pass  to 
weight  density  0 kG/a*,  ue  will  obtain 


„ n { V \ 

x =T7 


(2.931 


Eage  91. 


let  us  nultiply  and  let  as  divide  the  right  side  of  eguaticn 
(2.93)  by  ^rod act  Qnov  i03.  Is  a result  let  us  have 

In  t^e  obtain*!  dependence  f actcr  fid*/(J  1€J*c  is  called  of 
ballistic  coefficient,  and  the  tarn 

F{V'=^  (f  )«4.74  - 10-V< ....  (f  j (2.  94 

is  fuoctioo  froa  the  air  resistance  force. 

liter  the  appropriate  ieplaceaent  we  will  obtain  the  convenient 

female 


X - nicH \u)F  v\' 


(2.95'. 


in  which  prodnet eB  (y)  P (v)  has  the  physical  ie|S<  of  the  acceleration 
cf  projectile  froa  the  acticn  of  the  air  resistance  force  and  is 
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i 


J 

i 


designated  through  J. 


During  the  use  of  foraula  (5.S5)  fcr  rcckets  on  the  section  of 
the  operation  of  engine  (petered  flight)  it  is  necessary  to  keep  in 
aifd  that  a and  c are  alter patiag/variatle  *cd  cgual  to 


c 


Q-  l Q"*  “t 

o' 


(2. 96) 

(2.97) 


•Mm  Qc«  “ *«ight  gas  flea  rate  per  secorc  free  the  engine  of 
rocket.  After  replacing  in  (2.95)  and  .reducing,  we  will  obtain  fcr 

the  flight  vehicle  whose  seas  is  alternating/ variable. 


i 


* 

J 


I 


*■=-—  10*//  (y)  F(v).  (2 .98) 

Stcietiaes  instead  of  function  F(v)  are  utilised  the  functions 


0(v)=  OH =4,74  10-«nfx,T-  (2.99) 

v <t 

Cl 

*(-7)-^-4’74-,<VMf}  V2m 

lor  the  rockets  (projectiles),  different  in  fora,  obviously,  are 
diffssent  functions  F ( »)  and  G(v).  8 hen  conducting  of  ballistic 
calculations,  tho  nuaesical  value  cf  factor  of  fora  1 aust  be 
aalected  in  connection  with  the  utilized  fuccticn  P(v)  or  G(v). 
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Sage  92. 

fee  the  projectiles  of  laird  artillery  pieces,  are  known  eapirically 
es tablis he d/iQS tailed  standard  functions  F (v) , occasionally  referred 
tc  as,  not  it  is  entirely  correct,  ky  the  levs  ci  air  resistance. 

i.  Euler  during  the  solution  of  tkc  pieties  of  the  flight  cf 
projectile  uses  fancticp  P(v)  = Bv*,  cstabliafc/icstalled  by  1.  I'yuton 
aed  used  in  essence  for  subsonic  speeds. 

Vcr  the  projectiles,  diiving/noving  with  tigh  speeds  (to  1000 
s/s) , Russian  artilleryaen  X.  V.  Bayevskiy  and  I.  A.  Zabudskiy  will 
establish  the  law  of  foil  F (v)  *Bv’v,  in  which  a=f(v),  and  will 
detecaine  values  of  B and  n for  the  accepter  ky  the*  intervals  cf 
velocities.  Are  known  also  the  law  ef  the  Italian  artilleryman 
Siacci,  the  law,  obtained  by  the  french  actillciynen  of  Gamier  and 
Cupui  (192 1-1923) , the  soviet  law  cf  1930  aid  the  law  of  the 
artillery  acadeny  in.  Dzerzfeinskii  (law  of  1943).  Enpirical 
dependence  for  the  standard  functions  f(v)  end  G(v)  nost  frequently 
are  assigned  in  the  fen  cf  special  tables. 


luring  use  in  calculations  of  the  already  available  tables  for 
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f (v)  and  G (v)  and  during  the  calculation  of  tailes  for  new  standard 
functions  one  should  consider  that  the  speed  of  sound  a depends  on 
the  temperature  of  air  and,  therefore,  is  changed  with 
beigbt/altitude.  is  is  keent. 


a = YkxR  t. 


where  k - index  of  polytrcpic  process. 


if  we  for  relatively  short  trajectories  (xc^50  he)  accept  g = 
ccjst,  and  k - being  independent  of  tespernture,  then  it  will  seen 
that  the  speed  of  sound  is  proportional  \ *.  in  order  to  nave  tables 
of  functiqps  F(v)  or  G (v)  with  cne  entry,  it  in  necessary  to  count 
then  for  one  speed  of  sound,  but  to  preserve  ir  this  case  the 


equality 


-CHt)- 


(2.  101) 


where  aw  ~ speed  of  sound  under  standard  conditions,  taken  to 
constant  during  the  calculation  of  tables;  in  - conditional  tabular 
speed/* 


It  is  obvious  that 


(2. 102) 


DOC  * 78107104 


E ifii  >4" 

/96 


Consequently,  utilizing  fcxaula  (2.94),  «e  till  obtain 


Cage  93. 


lesig Dating 


«e  Hill  obtain 


Be  apedt  ivel  j 


/‘(o)=4,74-  lO-4®*  — — - 0.T(^-V 

T*/v  \“«a’ 


F(ot)=4,74. 

\\n' 


F{v'=  ~^—F(vrl 


U’.  W3 


0|v.)— »/  -^-G(vr! 


i-’.  I04i 


and,  after  ccaparison  (2.103)  and  (2.108), 

VfOB  consideration  of  air  huaidity  by  tears  of  the  introduction 
cf  victual  tcaperature  its  veight  density  is  dcterained  by  foraula 
42- «5). 
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Bith  this  function  of  density  tbe  chance  with  height/altitude 
can  be  represented  thus: 

= - s&_. 

*»A  T 

i-e.  it  depends  on  the  relation  of  virtual  temperatures  and 
pressures.  If  ue  ncu  retutc  to  fcriela  (2.9!)  and  to  replace  in  it 
F(v)  and  n (y)  4 then  we  will  obtain 


X—mc  — — /“(©,), 

"•AT 


(2.  106) 


1 2.  107 1 


If  we  in  (2.95)  with  the  aid  cf  (2.104)  ictroduce  function 


G(u,),  theq  ue  will  obtain 


X = mcH',{y)vQ{Vi), 


1 2. 108) 


where  H,(y)—H{y)  \f  — — . Jci  this  function  ere  also  coaprised  the 

V T(W 


tables  with  input  value  y. 


during  perfornance  calculation  cf  the  acticn  of  the  rotating 
artillery  shells,  they  usually  consider  that  these  projectiles  are 
stable  cn  trajectory  and  they  neve  yith  the  law  angles  of  deflection 
cf  the  longitudinal  axis  cf  projectile  froa  velocity  vector  (angle  6 
in  Fig..  2.8).  In  this  case  the  drag  (tacgential  component  of  the  main 
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i 
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vectcr  c f aerodyaaaic  forces/?,)  considers  independent  variable  cl  * 
aad  is  determined  with  d»0#  aad  aoraal  competent  - /?N,  and  the 

tilting  aoaent  K accepts  picportiotal  tc  atcle  6 (Fig.  2.2  3). 

fags  94. 


Furthermore,  it  is  convenient  durinc  calculations  into  rormulas  lor 
the  naaed  aerodynamic  characteristics  tc  introduce  the  here  cl 
projectile  - da,  function  fc  (y)  and  ccxrespcndiug  aerodynaaic 
coefficients  a I --  (.  Taking  into  account  this  tcraulas  (2.o5)  take  the 

u 

fere: 


.V  R - A*  10-V/  r*A  / 

I09i 

v = z=a\  = — io»//im»t*/rA/  — 

|8; 

(2.  110) 

ft  \ a ' 

X1:  — M — - 10*  ( ,/>  r**  ( _«1 

1*. 

(2.’nn 

r \ a ' 

Aerodynaaic  coefficients  /(*(—)  aad 

«4t. 

| are  determined  trcir 

the  data  at  trial  firings.  Value  h*il  corresponds  to  conditional 
distance  between  centers  c£  pressure  esc  tit  center  of  mass  ct 
prejcctile  and  is  deterained  usually  fica  eapirical  formulas.  For  an 
esaaple  it  is  possifle  to  give  the  kaevs  fciaula  of  Gobar 


A = A,  +0,57Ar  — O.IW, 


there  ht  and  Ar  (see  Fig.  1.23)  - tie  sizc/disensions,  which 
characterize  the  position  ci  the  center  of  lass  cf  projectile  and  its 


/ 


V"' 


Fig.  2.23.  Ciccuit  of  bringing  the  sain  vector  cf  aerodynamic  tcrces 
to  the  center  of  mass  of  the  rotating  projectile. 

Eage  95. 

The  particles  of  the  incident  to  projectile  with  a a veloc  ity  cl  ot  v 
airflow,  meeting  the  particles  cf  air,  rotated  by  the  surface  of 
projectile,  create  a difference  in  the  pressure  near  the  wall.  As  a 
result  of  the  redistribution  of  pressure  over  the  surface  of 
projectile,  appears  the  seccndary  force,  per  per drcular  to  the  plane 
cf  angle  6 and  directed  to  the  side,  r eversc/ic verse  the  mixing  zones 
cf  cointecf lows.  For  determining  this  force,  is  accepted  the  formula 


Am,  10 V/,i/»rX 


X A’ 


i-V  Hi) 


' "pvwuwiiw  I.y  uijpgy*  '..gp 
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where  ATm.I—  | ~ an  experimental  aerodycaaic  coefficient. 

Since  in  the  general  case  force  veetpr  of  Raynus  does  not  pass 
through  the  center  of  mass,  appears  the  acacnt  cf  this  force.  Eftect 
RMi  and  its  torgue/acaent  cn  the  flight  of  projectiles  is  studied 
comparatively  little. 

Skin-friction  force  decreases  the  aqgalar  velocity  cf  the  spin 
cf  projectile  of  relatively  longitudinal  axis.  Ibe  aoaent  of 
skin-friction  force  can  be  isolated  fro  the  main  aoaent  of 
aercdynaaic  forces  and  it  is  determined  by  the  formula 

r=£L\VH\y)vKr[-Z-)mX',  |1'.  113) 

eh  ere  /er|-Lj  - an  aerodynasic  coefficient.  Is  show  calculations  and 
experiment,  torgue/aoment  r significantly  decreases  the  angular 
rate  ft  rotation  of  projectile  is  the  process  cf  flight. 

§ 5.  tBBOST. 


thrust  - this  cne  cf  basic  forces,  which  act  on  rocket  in 
flight,  caused  by  the  werk  cf  its  engiqc  plant,  to  determine  the 
thrust  of  jet  engine  ip  flight  is  possible  crlj  cn  indirect 
experimental-design  path,  therefore,  as  a rile,  thrust  is  determined 
under  the  static  conditions  on  special  stages.  the  combined  action  ot 
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the  forces,  considered  ty  tte  right  side  of  egnation  (1.12), 
including  the  Coriolis  fcrces,  determined  tj  the  oscillation  ot 
rocket*  by  the  sotion  of  gases  acd  ty  the  displaceaent/novenent  of 
the  center  of  aass  during  kurnout,  it  caq  k<f  experimental  determined 
in  wind  tunnel,  if  rocket  jewer-cn  tc  fasten  in  it  is  hinged  then  so 
that  the  axis  of  rocket  cculd  complete  oscillations. 
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Fig.  2.24.  Circuit  cf  tie  fcraatic n/e ducaticn  cf  Magnus'  force. 

Cage  06. 

Hinge  fitting  introduces  considerable  distortions  into  that  flew 
around  rocket  external  flex  hex  is  deexeasea  the  accuracy  of  results. 
Therefore  Coriolis  forces  ard  torgue/scsents  it  is  expedient  tc 
deteraine  separately  in  the  absence  of  extczral  flow. 

Ccabined  action  of  tie  thrust,  aercdy$eiic  and  variation  forces 
is  determined  in  wind  tunnel  with  the  securely  fastened  rocket. 
Arranging  the  longitudinal  axis  of  rocket  alcng  flow,  so  that  from 
the  aerodynaaic  forces  acts  cnly  dzag,  it  is  possible  to  measure  on 
the  sxpports  of  rocket  the  total  acting  force,  called  the  effective 
thrust  of  engine 


(2.  114) 
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where  F - bench  thrust. 

If  m«  do  not  consider  variatice  forces  and  to  accept  the  speed 
cf  the  external  floe  of  the  equal  to  zero,  thee  cn  the  supports  cf 
rocket  Mill  be  determined  tie  bench  engine  thceet. 


5.1.  BENCH  ENGINE  1HB0S1. 


Under  bench  thrust  is  understood  resultant  force  of  air  pressure 
and  tbe  escaping  gases,  applied  to  fixed  rccket,  which  is  located  in 
the  f|xed  undisturbed  atncepfcere. 

Separately  measure  jet  force  (scccpd  tern  in  formula  1.8)  it  is 
net  represented  possible,  and  it  ace  determined  together  with  the 
forces  of  static  pressure,  which  act  is  the  x direction  cf  rocket. 

On  the  external  surface  of  rocket  act  the  fcrces,  determined  by 
the  atmospheric  pressure  p>  which  oerrespeed  tc  the  height/altitude 
cn  vh|ch  is  arrange/located  the  rocket*  They  it  value  are  equal  to 
the  pxoduct  of  pressure  and  area  and  are  diiected  perpendicular  to 
that  Area/site  on  which  they  act.  All  fcccer,  which  act  on  tbe 
lateral  surface  of  rocket,  balance  each  oither.  Since  while  the  motor 
is  running  atmospheric  pressure  does  net  act  cn  nozzle  exit  section 
through  which  occur/f lcw/last  the  gases,  then  will  appear  unbalanced 


r 
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fore*  psa,  directed  to  the  tide  of  the  cutflcw  cf  gases  ($a  - a 

nul<  ssit  area).  Id  nozzle  axit  section  acts  exposed  fores  p„S„ 
■hare  Pu  - pressure  the  escaping  bebind  acazle  gases  in  this  cross 

aectiga. 


thus,  is  cosaectiog  with  bench  conditions  in  equation  (1.8)  one 

Jp/dZ 

shculd  replace  v/-  )j|  S.(p,  — p)  and  then,  after  accepting  ibade  = C , we 
■ill  obtain  for  thrust  the  equation 


P-|'-= 
at 


(2.  1151 


Page  97. 


After  replacing  in  equation  (2.115)  the  sasa  flcu  rate  ot  the  gas  per 

second  through  weight  flow  rate  | — ,9^.,  ee  will  obtain  fcrvula 

! I g 

foe  thrust  in  other  writing: 

f‘  S.APn-  P ■ ■-  U* 

In  the  case  «hea  it  is  possible  tc  accept  p#-0, 

r ~~  «’ S -117 

If  rocket  is  arrange/lccated  cn  the  surface  of  the  tarth  on  zero 
level  (7*0),  then  its  thrust  is  egual  tc 

/*„  ‘,,"k  «• ..  s„  r„  n,  \ 1 

g 


I' 


Calculations  show  that  in  foriula  (2.  second  teen  in 

ccapatisoq  with  the  first  little  ccaprises  usually  not  more  than 
t0~15f/o;  therefore  effective  discharge  velocity  is  determined  in  by 
base  speed  of  gas  in  nozzle  exit  section  ^„TM  .If  we  relate  thrust  tc 
flow  sate  per  secopd,  ties  te  will  sfctaiq  tie  formula,  which 
determines  specific  threst,  or  the  sc-calltf  unit/single 
■c ae n t u a/i a p else/p else : 
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ICOB  (2.118)  MS  Mill  BktaiB 


Ea^c  88. 


K 


(2.  124 


Hence  it  is  apparent  that  with  de ccapress icn  in  the  which 
svmoends  rocket  air  the  specific  thirst  igcreases.  The  specific 
thirst  in  space  is  greater  than  specific  thrust  cn  the  Earth  tc 
10-iSe/o. 


» 


Expression  for  unit/single  acaentuE/iapulse/pulse  A>  can  be 
alec  cbtained  iron  the  ccaacn/generel/tctal  expression,  which 
determines  the  power  iipulsc  of  thrust,  if  »s  take  av- const  and  to 
lelate  the  total  iapulse  of  thrust  tc  >tk*  fssl  load  qTi  which  burned 
down  for  the  operating  tiaa  of  eagles  /K. 


OCC  v 78107104 


9* 


Aet  us  designate  through  tP  resultant  force  of  the  thrust  of 
all  rpcket  engines,  led  to  the  cental  of  aass  cf  rocket.  Utilizing 
(1.8)  W *e  will  obtain  icr  a rocket  the  egnaticn  of  the  forward  motion 
cf  the  center  of  aass  in  the  fora 

= (2.127) 

5-2-  SICQNDABY  FOBC1S  AID  HCBBDTS. 

Secondary  forces  and  acaents  can  he  divided  into  two  large 
greups:  external  (aerodynaa jej  and  internal.  Beth  internal  and 
external  secondary  forces  aid  torgue/icieats  appear  during  the 
thiee~diaensional/space  curvilinear  flight  alsc  cf  various  kinds  the 
oscillations  of  flight  vehicle. 

The  external  secondary  forces  acd  the  torqae/aoaent s usually 
include  various  kinds  tte  daaping  aeicdynaaic  forces  and 
terque/aoaents,  the  aerodynaaic  forces  aqd  tie  terque/aoaents,  caused 
hy  doaowash  and  by  the  delay  cf  devnuaefc,  close  aerodynamic  forces 
and  tfcgue/aoaents.  To  internal  suppleaeqtaxy  factors  usually  are 
related  internal  torgue  of  caaping,  detcraircd  ky  Coriolis 
acceleration,  and  other  forces  and  the  tocgce/acaents,  caused  ty  the 


Eage  99. 

Let  us  enumerate  here  internal  secondary  (c<c«<  and  their  aoients 
with  respect  to  the  center  cf  a ass : /W  Sin3  - force  and 
tcique/nonent,  deternincd  ky  the  flo«  ai  fasaa  aithin  aissile  fccdy; 

P rua  Kop*  Mn3  Ko,  “ force  of  Ccriolis  atd  the  icacpt  of  this  force, 
datarsinad  by  the  flow  of  gases  within  oscillating  sissile  body. 

lockets  with  engine  on  liguid  propeldast  test  the  effect  cf 
secondary  forces  and  tcigue/sc sents^  datarsinad  with  the  motion  of 
propellant  components  withii  aissile  body;  T.  .17*  T - force  and 
tcigua/aoaent,  detarsined  by  tha  action  of  propellant  components 
along  conduit/nanif  cldn ; u * force  and  torque  /moment, 

determined  by  tha  notion  cf  propellant  components  in  tanks; 

P*  t kop.  p*  f.  Kop.  17*  T Kop.  17*  o KoP  ~ fotC€  *«>d  Ccriclis’s  t or  que/nooents, 
datarsinad  by  tha  oscillaticn  of  rccket  anc  by  the  notion  of 
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propellant  ccaponents  along  copduit/aanif elds  acd  in  tanks. 

Separately  can  be  isolated  the  forces  acd  tte  terque/soaents, 
detcrained  by  the  elastic  deforaatiers  cf  aissile  body  and  by 
displacesent  withip  the  bedy  of  different  sclid  driving/ mo ving  masses 
(for  cxaaple,  the  rctox  cf  turbejet  engipe)  , etc.  The  part  of  the 
naacd  forces  and  torque/acientp  is  caused  by  the  transiency  of 
process  and  can  be  referred  to  the  variaticc  forces,  not  considered 
cn  the  saallness  of  effect. 

Let  us  exasipe  in  aore  detail  force  ana  the  tor que/monents , 
considered  during  the  ballistic  calculations,  ccnnected  with  the 
evaluation  of  stability  of  lotion,  control  and  accuracy  of  firing. 

ffce  Coriolis  force,  acting  on  eleaeptaiy  aass  dmix, 
driviag/aoving  along  the  i channel  within  aissile  body  (Fig.  2.25)  , 
is  egaal  to 


df\r,ti  = 2l/lx<admlx, 


where 


— 8,  rS;  j.  d* ; 


Uix , qIx  and  S,x  - a rate  cf  relative  acticn  of  vorking 
aediet/ propellant,  its  aass  density  and  transverse  area  in  cross 
scctign  x cf  the  i chancel. 
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Fig.  2.2 5.  Diagraa  of  the  formation  cf  internal  Coriolis  force  during 
the  displaceaeut  of  worlieg  aediua/p rcpellapt  along  the  housing  of 
the  oscillating  rocket. 

Page  100. 

According  to  continuity  condition,  the  flea  rate  per  second  of 
■ass  along  the  i channel  at  the  given  instact  if  constant  and  equal 
tc 

| m i f 

then  dPxnvi  — -jj  m \t  u>dx. 

the  torgue/aoaent  cf  ccrioli*  f once  Mill  tie  equal  to 

dMu„ F,  - -•2u\m\i(xi-xnu\dx. 

fetal  torque/aoaent  cf  Coriolis  force  kill  be  egual  to  the  sum 
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cf  the  integrals,  calculated  according  to  all  channels  of  the  metien 
cf  working  aediua/propellaqt, 

' xt- 

-'h  p — \m !' 1 X,  - -v« . » 1 <ix->  (2.  1-8'  J 

1 -to 

! 

where  xQ  and  x,  - value  x,  which  correspond  tc  beginning  and  the 
end/lead  of  the  notion  of  werk  substance  cr  the  section  of  the  i 
charnel  in  question. 

linus  sign  shows  that  the  noneqt  cf  Ccticlis  fcrce  will  act 
against  direction  $f  rctaticn,  i.e.,  it  will  be  daaping  in  the  case 
cf  flgw  froa  the  center  of  tass.  lie  flew,  criving/aoving  tc  the 
center  of  aass,  will  give  tie  aoaect  of  the  Ccriolis  force,  directed 
tc  the  side  cf  the  rotaticq  of  flight  vehicle. 

tc  suppleaentary  factcrs  usually  are  related  the  force  and  the 
tcigue/aoaent,  caused  by  the  displacements  cl  the  center  cf  mass  cf 
the  racket  during  burnert  drring  the  engine  operation.  In  equations 
(1.114  and  (1.12)  this  force  is  detcrained  ty  expression  2m[toXFr].  It 
jaat  as  Coriolis  force,  is  directed  perpendicular  to  axis  of  rccket. 

Bor  siaplicity  let  us  take  rocket  with  the  grain  of  end  burning 
(fig.  2.26).  let  us  designate  the  pcaiitioa  qf  the  center  of  mass  of 
rccket  at  the  lOMit  of  tiac  t through  Xu  M,  and  at  the  moment  cf 
tine  h*dt  through  xn. Mt  «jc„ . „ — dxa  M.  let  for  tiae  dt  froa  grain  be 


.udfl 


>^7 


r:.. 
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se p arate/1 iberated  ds  a ass  c £ rocket.  Static  mcaent  with  respect  tc 
the  f $ repa rt/nose  pcint  of  rocket  before  tfce  isclation/e voluticn  ct 
■ass  da  will  be  equal  tc 

■UQ^mjcaH.  {2.  129 1 

Static  torque  after  the  isclaticr/evclitic?  of  uass  da 

Mq,  - -v,<?  — I m i x„i, dt=(m~dm)(xuu—dxllM\. 

• ■itting  on  snallness  tens  dmdxn.M,  let  ius  ha  we: 

mxu  u-mdxUM— xttUdm  = M0-\m\x„td(.  1 2.  130) 

Deducting  (2.  129)  frci  last/lattez  egealit  y,  we  will  obtain 

mdxaH+xu  udm  — \m  | x01Mdt. 

Eeijce 

mvr=m  -'tu—  = | m \ [^UTl  -*n 
(It 

cr 

tv  = lwj<.V"T.-ara.M)  ,o  131, 

m 

Cage  101. 

thus,  during  the  rotation  of  bousing  with  angular  velocity  u the 


secondary  force,  caused  by  the  displacement  of  the  center  ot  mass 
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will  tc  equal  to 

'Jmwv,  L'u.  I m : i-v..,,  — xu  M I. 

Supplementary  tor gue/mcment  f r c ■ this  icrce  Is  approximately 
equal  to 

Internal  secondary  forces  and  ter gue/mcier ts  have  noticeable 
effect:  on  the  motion  of  flight  vehicles  with  jet  engines  in  the 
rarefied  layers  of  the  atmosphere,  and  one  should  consider  the» 
during  the  stability  analysis  and  ccrtxcl.  luring  motion  in  the  dense 
layers  of  the  atmosphere,  tie  effect  of  internal  secondary  forces  and 
torque/moments  is  insigpif icant  in  comparison  kith  the  action  basic 
and  supplementary  external  aerodynamic  forces  ard  torq ue/m omen ts,  and 
they  in  calculations  are  not  considered.  Curing  designed  pertornance 
calculations  of  the  moticc  of  the  center  of  mass  of  flight  vehicle, 
the  secondary  forces  and  torgue/mc ments  usually  are  not  considered. 

§ 6.  CCNtRCl  FORCES  AN£  ECflRlS. 

Rocket  control  and  projectiles  in  flight  is  realized  by  the 
central  system,  integral  part  of  ubi<h  are  actuating  elements  ci 
controls.  Actuating  eleients  or  controls,  as  th#m  are  frequently 
called,  create  control  forcss  and  tergue/acaeRta.  According  to  the 
principle  of  the  creaticn  ef  control  fete vs  and  torque/ioaents 
ccotrols  is  accepted  to  divide  into  three  type:  aerodynaaic, 
gam-dynamic  aqd  these  mixed. 
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10. 


Fig.  2.26.  Circuit  of  tie  d isplaceaent  cf  tie  center  of  mass  of  the 
rccket  during  burnout. 

Cage  102. 

w 

Aerodynamic  (air)  or  as  then  occasionally  referred  tc  as,  aircrart 
ccytrfls  wcrk  only  in  tie  atwosphere  during  interaction  with  the 
airflft,  which  flows  arcund  flight  vehicle.  Gas-dynawic  controls  can 
work  also  in  the  atmosphere,  and  in  the  rarefied  layers  cf  the 
atmosphere  (outer  space),  since  they  werk  crly  tecause  of  the  energy, 
which  is  isolated  with  the  comtusticn  cf  f uel/p topellant. 

■any  of  the  controlled  objects,  for  exaaple,  rockets,  winged 
■issiles,  guided  tcrpedcs  a cd  aircraft  boats  bate  only  aerodynamic 
centrals.  Scae  rockets  have  the  ccabined  ccftrcls,  which  consist  ct 
the  various  kinds  of  aercdycaaic  and  gas-dycaaic  devices.  Aerodynamic 
controls  usually  are  divided  into  steering  surfaces  (controls). 


* 
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pivoting  wings  and  the  interrupters  cf  air  Jlc* 
(interceptor/spoilers)  . 

the  operating  principle  of  control*  anc  pivoting  wings  lies  in 
the  fact  that  they,  being  turned  relative  tc  free  position  and  body 
axes  of  flight  vehicle,  change  in  the  process  ci  flight  tneit  angle 
cf  attack  and,  correspondingly,  the  angle  ci  attack  (or  slip)  of 
flight  vehicle  as  a whole. 

lunctional  dependences  for  aenody^iaalc  coefficients  r„  and  c, 
(7.681  and  fcr  tor  gue/ic  aeyt*  My,  and  M,,  (2.71)  deter  wine 

coi nunic at ion/conr^ectic u between  the  eaglet  of  rotation  cf  controls, 
the  angles  of  rotation  of  the  housing  of  flight  vehicle  and  the 
corresponding  angular  velocities.  Fcr  at  inoepcndent  account  in  the 
equations  cf  sotion  of  control  forces  and  tcrgue/aonents,  it  is 
necessary  to  isolate  coapcsing  cf  aerodynaaic  coefficients, 
detersined  by  the  rctaticn  cf  ccnticl  devices,  fcr  exanple,  for  the 
elevators  (pitch)  and  cf  yaw  longitudinal  ard  ncraal  control  forces 
are  respectively  equal  tc 

~ (r*  w,  ^ cx  pi  **•  '* 

,2133) 


where  s,  ~ 


a characteristic  area  cf  controls; 


g - velocity  head; 
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r*n,»  rxp,<  c!%  ” nercdyrasic  coefficients  c£  ccntrols. 


Icient  characteristics  are  deterained  tsually  aore  precise 
taking  into  account  the  angular  velocities  ci  the  rotation  of 
coqtrfls 


m.,,  = «‘»,  8„, 

PH.  Hi 

mp*. = V- 


(2.  134) 


Page  103. 


The  aoaeqts  of  contrcl  force*  arc  ygiial  tc 

Mv, Mr,=Sqlmfti.  (2.  135. 

•epeqdiag  on  the  designation^ arpcse  c f rocket  or  missile  and 
their  aerodynamic  layout,  air  vanes  can  be  (laced  in  different  (laces 
cf  tody  (Fig.  2.27).  Fci  clarity  in  figure,  the  controls  are  shaded. 

Faired  air  vanes,  (laced  in  uiqg  tip  aid  vhich  are 
defleot/di verted  to  different  sides,  are  called  ailerons.  The  (aired 
end  controls,  whic,h  are  deflect/diverted  independently  of  each  ether 
to  any  side,  are  called  elevens.  The  deflection  of  ailerons  and 
elevens  to  different  sides  leads  to  the  rotstic*  of  flight  vehicle  cf 
relatively  longitudinal  aiis. 


Of  niniature/snall  rockets  with  tie  liiited  naneuver,  is  applied  } 

4 

the  control  with  t |e  aid  cf  the  intezreptez*  of  air  flow  or  1 

interceptor/spoilers.  Interceptor/spci lers  represent  a thin  plate,  < 

arrange/ located  in  aiddle  or  on  the  trailing  wieg  edge  perpendicular  ■ 

to  the  incident  flew  which  is  giver  intc  oscillatory  notion  in  the  < 

direction,  perpendicular  to  wing  chard* 

i 

| i 

Hemal  force,  created  ty  one  interceptcn/spciler  and  directed  to  ! 
the  side,  reverse/inverse  tc  the  direction  cf  the  output  of  plate  for 
the  wing  plane,  is  deterniqcd  on  the  fcrnule 

Y*=c¥AqhJJt.  (2.  136) 

■ere  h,,  lB  - the  hfigbt/altitwde  of  fchc  output  of  plate  and  the 
leqgth  of  interceptor/spoiler.  Coefficient  cf  the  coiaand/crew 

where  t(  and  t2  - retenticq  tine  of  intcscc ptor/spoiler  in  upper  and 


lower  positions 


fig.  2.27.  Diagraa  of  tie  layout  cf  ccntrpls  oi  aissile  body:  a) 
ncxnal  aerodyqaaic  conf iguraticn;  l)  diagraa  "lettailed  aircraft'*;  c) 
diagraa  "canard". 

Eage  104. 

Interceptor/spciler  causes  tbc  appear arce  cf  longitudinal  fcrce, 
which  increases  drag  of  flight  vehicle,  longitudinal  force  from  one 
interceptox/spoiler  can  he  determined  by  the  (ex  aula 

XKl=-cxMqhJA.  (2.137) 

The  naned  above  ccntxels  are  brought  ictc  action  by  steering 
driven.  To  the  aerodynaaic  controls,  which  cc  net  have  special  drive, 
cnc  should  relate  xgllexccs. 

Bclleron  - this  is  tie  aileccc,  within  which  is  arrange/located 
the  nassive  disk,  which  rotates  with  high  atgular  velocity  and  which 


i 
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has  the  properties  of  gyroscope.  Tic  cctaticral  axis  of  disk  0 ypi  is 

perpendicular  to  t>he  plane  cf  the  aileron  wticb  in  turn  can  pivet 
around  axis  0jpi.  Before  the  launching  cf  rocket,  the  disk  untwists  to 
velocity  Qipi,  which  during  rocket  flight?  is  supported  ny  the  effect 
of  tka  incident  airflow,  which  flows  arcund  the  teeth  of  disk,  which 
pzctride  for  the  flank  edge  of  aileron.  If  <s  a result  of  any  reasons 
appears  the  perturbation  icient  of  cell  .17, t aid  the  rocket  together 
with  xcllercns  will  start  up  with  angular  velocity  Tjr , then  will 
appear  acting  cn  rcllexce  gyroscopic  tergne/noaant  A7r.  directed 
alang  the  axis  0^p, 


Inder  the  action  of  ths  gyroscopic  tar gue/scsent  the  rollercn 
will  turn  itself  arcund  axis  0zPi  t«  asgla  dr.  soreover  the  direction 
cf  rotatios  will  he  sisilar  so  thst  tka  angular  velocity  vector 
Qppi  would  atteapt  on  the  shortest  path  tc  be  coabined  with  angular 
velocity  vector  qTi  (Jcwkcwski *s  rule).  Arxanged/located  in 
syasetxical  stabilizer  second  rollercn  whose  disk  is  twisted  in 
opposite  direction  to  the  first,  ir  turn,  till  be  deflected  from  its 
free  position,  but  already  by  angle  - As  a result  for  each  ct  the 

collercna  sill  arise  control  forcss  ±ypl,  which  will  create 

tergue/aoaent  mp,,.  which  parries  ths  icsait  of  roll  The 

eisaiued  organ/control  these  action  is  igstitsted  oh  the  use  of  a 

gyroscopic  effect,  can  be  described  as  "the  passive"  automatic 

■achinc  of  stabilization,  capable  cf  cjly  stabilizing  the  angular 
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velocity  of  the 
axis*  it  not  to 


rotation  cf  rocket  ef  its  relatively  longitudinal 
control  the  aoveaeot  cf  rocket  along  bank. 


It  present  one  of  the  aost  widely  u^ed  fcris  of 
central  devices  are  the  jet  vanes. 


gas-dynanic 


the  jet  vanes  - this  feur  plates  cf  special  shape  froe 
heat-resistant  aaterial  (for  exaaple*  graphite)*  which  are 
arrange/located  at  the  nozzle  outlet  cr  nozzle  unit  in  two  autually 
perpendicular  planes*  passitg  through  the  axis  cf  rocket.  The  jet 
vanes  can  be  turned  relative  to  their  rctaticnal  axes  to  angle  6 to 
scae  side  or  other. 


E&ge  1Q5. 


In  the  engine  operation,  the  escaping  tfchi$c  oczzle  gas  flew  will 
flew  ocntrols*  alsc*  for  each  cf  thea  arise  the  longitudinal  A'r«,  P 
and  ngraal  W»3  Pi(Zr«:<  ,.i)  forces  which  can  be  calculated  froa  the 
dependences: 


pi 

^ rn.pl 
^rii.pi 


rpi.pl* 

7 ^rn.p#ri!«^Mr^t  pJ^ 


1 2.  138) 
(2.  139 
(2.  14H ' 


whet*  Srl,p  - a characteristic  area  cf  the  ;et  vane;  «r„ 


- density 
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c t gas  flow;  «ertt  - rate  cf  flew  cf  gases  if  the  location  of 
ccctrf Is. 

I ore*  £jfrMp|  in  the  aa^ority  of  tie  cases  is  not  eanager  and  is 
considered  during  the  calculation  cf  trajectories  by  the  decrease  of 
the  cfeplete  thrust  of  engines;  the  noraal  and  lateral  forces  lira, pi 
and  IZraap,  are  utilized  for  the  flight  contici  cf  rocket.  Expressions 
for  tie  governing  tcrque/ic ients,  created  b j the  jet  vanes,  have  a 
street* re,  sieilar  (i.  135] | therefore  fere  they  are  not  brought. 

By  analogy  with  air  vanes,  one  pair  of  the  jet  vanes,  which  has 
separate  drives,  during  the  notion  cf  rocket  is  arrange/located  in 
vertical  plane  and  fulfills  the  furcticns  cf  rudders  (yaw)  and  of 
tank;  the  second  pair  cf  the  contrcls,  connected  synchronously, 
elevators  (pitch). 

Hell  known  also  netbods  of  rocket  control  ty  rotation  relative 
to  the  housing  entire  engine  and  by  the  rotation  only  of  nozzle  or 
special  nozzle  (deflector),  placed  innediately  after  nozzle  and 
covering  the  flow  of  the  escaping  gases.  Control  can  be  reached  also 
by  the  overlap  of  pozzies.  lor  this  purpose  ttc  engine  oust  have  net 
cne,  he t soeewhat  it  puffs,  that  were  being  arrange/located  relative 
to  the  axis  cf  rocket  along  circuit crerce.  in  this  case  the  overlap 
cf  cne  or  several  nozzles  will  ensure  cktaiciac  the  control  force  cf 


r 

L 


CCC  * 78107104  PAGi 

the  necessary  value  and  direction.  they  arc  utilized  for  ccntrcl  of 
force  vector  of  thrust  and  tris  tats  - the  Haps*  seved  intc  nczzle 
it  is  perpendicular  to  gas  tlov.  This  netbcc  of  control  in  the 
foreign  press  acknowledges  ty  very  reliable*  although  it  differs  in 
tens  cf  the  greatest  thrust  loss. 

Becently  consideratle  attention  is  given  tc  the  aethod  of 
central  of  force  vector  cf  the  thrtet  by  the  injection  (injection)  of 
liquid  cr  gas  of  propulsioq  nozzle. 

The  detailed  calculation  of  reliefers  end  coaplex  gas-dynamic 
central  devices  is  developed  by  V.  N . Kcshcv  is  placed  in  [33]. 

the  nines  of  artillery  pieces  have  statilizers  (tail  assembly), 
rigidly  fastened  with  facusirg  and*  as  a rale*  dc  not  have  control 
devices. 


\ 

f 
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EQUATIONS  OF  MOTION  OF  THE  IOCKBJS  CF  ?SUR E ICE-1C-SU BF ACE"  CLASS  IN 
1HE  DENSE  LAYERS  OP  THE  ATHCSEEERE. 


§ 1.  three~di  aensional  equations  of  notion  cf  rockets. 


1.  1.  Complete  systea  of  equations. 


The  eotien  of  rockets  let  us  cxaaiae  it  the  systea  of 
coordinates  0x3ysz3.  rigidly  connected  with  tie  Earth.  In  this  cast, 
ter  simplification  in  the  ficfclea  the  effect  cf  the  Earth  let  us 
ccfsider  by  the  introduction  of  constant  i ^ value  and  direction  cf 
acceleraticn  iron  gravitaticnal  force,  disregarding  Corrolis 
acceleration;  the  curvature  of  the  Earth  alec  consider  we  will  ret. 
Bith  these  assumptions  the  systea  cf  equations  can  he  written  cr  the 
tasis  cf  equations  (1.16)  ard  (1*21). 


It  is  siapler  anything  to  write  systea  of  equations  for 
deteraining  the  velocitj  v cf  the  forward  actio*  of  the  center  ct 
aess  gt  rocket  relative  tc  the  Earth  in  prc^ecticns  on  the  axis  of 
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the  half-speed  coordinate  system,  since  in  this  system 
vt  = x\vy,  — Vf  — 0.  then  equations  (1-16)  are  simplified  and  they  will 

take  the  form 

if  = — — ; vmg*  = — — ; w*  • = — * . < 3.  1 ) 

/R  ft  ^ 


for  determining  tie  perfections  cf  the  angular  rate  of  rotation 
cf  the  half-speed  s.ystea  cf  coordinates  Oxy*z*  relative  to  fixed 
system  (0x3i/3.r3)  in  the  axis  half-speed  coordinate  system  we  will  use 

Fig.  2.9,  from  which  it  fellows 

®r  — <Tsin9;  ui,.  = V cos  0;  *,.=9.  i3.  2> 

Substituting  <v  and  in  (3.1),. we  will  obtain  the  system 


2 f*  i y /=■„. 
«=— ; t>9  = -fa... 


rW  cos  9 = 


Soring  the  writing  of  the  right  sides  cf  equations  (3.J)  let  us 
consider  thrust  component,  force  of  gravity,  aerodynamic  and  control 
forces. 


Eace  107. 


let  the  throat  be  assigned  by  projections  cn  the  body  axes  cf 
coordinates  P,lt  Ptl,  P,  . Issigning  the  direction  «f  thrust  similarly, 
it  is  convenient  subsequently  during  calculiticts  of  the  metior 


I 


'■UP  'iU-WP- 11,1 


i 
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characteristics  of  the  rocket  tc  consider  tie  gas-dynanic  control 
fcrces  which  appear  during  the  deviation  of  force  vector  of  thrust 
frca  axis  cf  rocket.  The  control  forces,  created  by  separate 
gas-dycaaic  controls,  can  kc  included  in  thrust  coaponent  along  body 
axes.  Furtheraore,  it  will  he  possible  to  else  consider  the  el  feet  oi 
eccentricity  of  thrust  cn  the  actio?  characteristics  of  rocket. 

lerodynaaic  force  let  us  assign  components  1;  Y;  Z in  the 
high-speed/velocity  coordinate  systea-  Ihen,  after  using  the  table  or 
direction  cosines  (2.3a)  and  transfer  equations  (2.6),  we  ettain  the 
projections  cf  aercdynaxic  force  cr  the  half-speed  axes  or  the 
coordinates 

| 

R„.  = >'*=>'  cos  \C  — Z sin  yt;  (3.4 

Rf—Z*  = )'sinyc-rZcos\c.  I 

Values  X,  Y and  Z in  the  first  approxiiati.cn,  can  be  determined 
by  focaulas  (2.85)  and  (2.5(). 


In  the  body  axes  of  coordinates,  let  us  write  control 
aecodynaaic  forces,  created  by  cne-type  aercdycaaic  controls  - 

2^r,:  2Z" 


Bsing  the  table  of  direction  cosines  (2.35)  and  transfer 
eqiatiens  (2.6),  we  will  cktain  the  projections  cf  the  tnrust  and 


ICC  * 78107104  FIGf  J*fT~ 

central  forces  os  the  half-speed  coordinate  axes:  ! 

pM  — ^txt  = {pi,  — ^^pijcosaeosfi— 

— +2  Km)  sin  acos?  + (/>*,  + 2 Z»)sin  & I 

*V  + 2 rp={p*  -2^PiJ(sin  aco*Yc4-  ; 

-f  sin  Yc  cos  a sin  ?)-f  (PVl  -f  Y Kpl)  (cos  vc  cosa- 

(3. 5 1 

— sin  Yc  sin  a sin  '?)  — ( Pti  -4-^  Zfl  j sin  yc  cos 

+ 2 Zt = [Px‘  ~ 21  Xfl ) <sin  Yc  Sin“  ~ 

— cos  Yc  cos  a sin  f>)  + (P„,  + ^ Kp>)  (sin  Yc cosa  + 

-f  cos  Yc  sin  a sin  8) -f  ^ Zp,  )cosyccos  p. 

Since  we  is  net  considered  the  variability  of  gravitational 
force  and  the  surface  curvature  cf  the  Eartl,  then  the  projections  of 
gravitational  force  on  the  half-speed  coordinate  axes  are  cfcvicus: 

Q,~  — Qsinfi;  Q„.=  — Qcos»;  Q«.=0.  (3.6) 

Face  J C 8 • 

Substituting  the  oltained  above  ccspccents  cf  all  those 
considered  by  us  forces  (3.5)  and  (3.6)  and  icriulas  for  angular 
velocities  (3.2)  into  fundaiental  equations  (3.1),  we  will  obtain  the 
systen  of  equations,  which  describes  tie  acticc  of  the  center  cf  mass 
cf  rocket  in  the  half-speed  systea  cf  coordinates 


Ite  equations  cf  tfe  rotary  scticn  of  i cckets  and  aircraft 
usually  write  in  projections  cp  the  body  axes  of  coordinates.  Any 
another,  the  qot  connected  kith  rocket,  coordinate  system  is  moved 
relative  to  rocket,  but  this  leads  to  the  need  for  using  during  the 
study  cf  the  notion  of  the  rocket  ty  tie  variable  values  of  the 
■cients  of  inertia  even  with  ■ = ccqst,  which  introduces 
cc Bf  1 j cations.  Let  us  write  the  equation  cf  rotary  motion  in 
^rejections  on  the  body  axes  of  coordinates,  assuming  that  the  Lcdy 
axes  of  coordinates  coincide  with  (rircipal  central  inertia  axes: 
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Ihile  the  motor  is  cunning  the  acaents  of  inertia  will  be  valuer 
alter  cat  ing/ variable  as  a result  cf  a change  in  the  aass  of  rocket 
because  of  the  fuel  consuapticn.  Numerical  values  /«,,  Jki  fer  a 

racket  ace  defined  just  as  for  any  ccapcund,  i.«.#  foe  calculating 
the  absents  of  inertia  it  is  necessary  to  have  the  detailed  drawings 
cf  rocket  and  to  knew  tie  law  of  a change  ct  its  Basses  in  flight, 
iicck  according  to  the  calculated  deter ainaticn  cf  the  moments  cf 
inertia  and  with  respect  to  their  change  is  very  tedious  and 
laborious.  Therefore  during  their  apprexiaate  ballistic  calculations 
they  take  by  constants.  During  the  acre  precise  calculations, 
connected  with  stability  acd  ccntr cllabili t y,  it  is  necessary  to 
consider  the  variability  of  the  scsents  of  inertia. 

Cage  1C9. 

The  ejperiaental  aethods  cf  deteraining  the  acsents  of  the  inertia  of 
compounds,  the  giving  acre  accurate  results  in  comparison  with 
calculated,  are  developed  in  sufficient  detail  in  aechanics,  and  we 
concern  them  will  net. 

for  setting  of  coaaualcaticn/caniiuotic  rs  between  derived  ft.  i).  v 
and  angular  velocities  4»>.\  , t Illy,  and  (»,,  we  will  use  the  table  of 
direction  cosines  2.3«  and  by  transfer  equations  (2.6)  with  the  aid 

cf  which  we  will  obtain 

«»,,  - i siu  8 y; 
vu.  = •}  cos  ft  cos  y -{-ft  sin  y; 
o»,  = — -icos  H sin  y 1 ft  cos  y. 


(3.  131 


Solving  these  equations  together*  m will  clteif 


8 = iullt  sin  y cos  y; 

, 1 . 

'!>  = i uj  cos  y _ „)  sin  v); 

COS  # 

V = u,r.  —tg  »(<!)„,  cos  V — <ufi  sin  v). 

laring  the  determination  of  aicunts  of 

process  of  the  solution  of  the  spatial  prckl 
it  is  necessary  to  know  the  values  of  angles 


13.  14) 

(3.  15) 

(3.  16) 

aerodynamic  forces  in 
ca  cf  loving  the  rccke 
a,  p and  yc- 


the 

t. 


leteciining  the  directicn  ccsines  cf  consecutive  passage  from 
tcay  axes  to  high-speed/velccity*  frci  the  t i gfc-speed/ve locity  tc 
half-SF«ed  and  froi  the  half-speed  to  their  terrestrial  and  by 
egual4xing  directicn  ccsines  of  direct  passage  Iron  body  axes  tc 
terrestrial*  we  will  ottaic  the  foJlcwicg  rela tienship/r atios  between 
the  angles: 

sin  6 = sin  6 cos  a cos  ? -f  cos  8 (sin  a cos  yc-f  cos  a sin  psin  yc  '5  i3.  1?) 
sin  <J»cos  Y==sir  V cos  Bcos  yc  -(-cos  <lr(sin  ?cos  0 -f- 

-fsin  Ycsin  8 cos  ?)  — cos  <|»  sin  8 sin  y;  |3.  18) 

cos  8 sin  Y=sin  yc  cos  p cos  8 — sin  &sin  8.  (3.  191 


hence 


Y,  = arcsin 


co»  S sin  7 g-  «in  8 sin  9 
co»  ? cos  0 


a angles  « and  fi  ace  determined  dating  the  relation  of  complex 
9uedretic  trigonometric  eguations. 
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Eage  110. 

Jf  He  now  utilize  expressions  ter  the  ^rejections  of  the 
velocity  vector  of  the  cecter  cf  nass  cf  rccket  on  the  axis  of 

earth-tased  coordinate  sjstea  <se«  lig*  2.-9),  then  we  will  obtain 

= v cos  6 cos  1;  (3.  20) 

(It 

it  1/  2 * f n . , 

— - rsinfi;  1 3.  21' 

di 

— r cos  6 sin  <T.  i3.  22' 

di 

Respectively  distance  Iron  the  origin  cf  coordinates  to  the 
centeE  of  aass  cf  rocket  (slant  rapge  kill  te  egual 

r ^ \rxl  4-  yl  -U  _•  * . (3.  23' 

Iguations  (3.  7)- (3- 15)  and  (3. 1<4)- (3*53)  together  with  the 
eguat|cn 

/ 

m = mtt-  [ \m\dt,  (3.24) 

o 

ty  that  determining  nass  change*  kill  comprise  the  system  froa  17 
equations,  which  describes  the  spatial  notion  cf  rocket.  This  system 
of  equations  can  be  applied  for  different  target/purposes.  Host 
frequently  it  are  utilized  for  the  sclutici  of  direct  problem  cf 


d 
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external  ballistics,  in  this  case,  if  Hill  le  Incan  all  the 
gecaetric,  Height,  inertia,  aerodynaaic  characteristics  cf  rochet; 
the  characteristics,  which  determine  the  operation  of  its  engine;  the 
laws  gf  a change  of  the  control  forces  2 2 2^^ 

and  of  the  tcrgue/acaent*  2 Mf*> 2 Mfy'  (/)»2jMp4' (/)  4nd  initial 

flight  conditions,  eguaticn  of  systei  cap  le  fy  cne  or  the  other 
■ethed  integrated. 

Is  a result  of  solution,  will  le  fcunc  all  the  notion 
characteristics  of  the  rocket 

V(t)\  8 (/);  <T|/);  JC3 (/ 1;  ,v3(/);  z3(t)i 

r(/);  »(/);  <|<U);  vU):  a(/);  ?U); 

YeU'i  *r ,(<);  (ty>  m(t). 

In  a series  of  the  cases,  can  le  assigned  the  part  of  the  aoticn 
characteristics:  the  value  cf  coordinates,  velocities  or  angles.  The 
action  characteristics  of  rccket  arc  assigned  as  a function  of  tine 
cr  ether  values,  for  exaeplc,  velocity  change  in  tiae  v(t),  pitch 
angle  in  tine  t(t)  , the  angles  of  deflccticr  cf  control  devices  with 
respect  to  time  #,,(/),  «„,(/),  «,,(*)  cr  y4=f(x3)  erd  sc  forth. 

Cage  311. 

Tfiese  c9c’<?  Cci/^'d  f>rol)t  ^°IUlCd  ffoaf 

During  the  assignaent  of  prcgraaaec  eguaticcs,  the  part  cr  the 
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fundamental  equations  ct  sys tea  (3.7)- (3. 11)  and  (3-  14 )- (3. 23)  will 
teqder/show  excess.  Foe  example,  if  is  assigned  d (t)  , then  value  a 
can  b«  determined  directly  ly  dif t eie c t ia ticn  cf  function  d(t)  and 
equation  (3.14)  will  be  excess.  In  this  cast,  it  is  logical,  the 
sclcticn  of  direct  problem  is  simplified. 

See  the  more  complete  study  of  controlled  flight,  stability  of 
miction  and  stabili2aticn  cf  flight  vehicle  sppatatus  to  tne  written 
equations,  it  is  necessary  to  add  the  equations  cf  control,  which 
describe  the  operation  cf  tbe  ccntzcl  systen.  luring  the  flight 
central  frem  different  parameters,  tbe  rocket  lust  have  controls  with 
the  help  of  which  can  change  the  ccttes  poading  parameter  of  the 
action  of  rochet.  For  example,  during  ccqtrcl  from  the  angular 
parameters  I,  V1  and  y rocket  has  tte  appropriate  control  devices  - 
ccotcfls  of  pitch,  yaw  and  bank.  Curing  control  on  velocity  modulus, 
the  racket  must  have  the  actuating  elements,  which  give  possibility 
tc  affect  v by  the  way  cf  a change  in  .tbe  thrust  or  drag  (for 
example,  .qozzle  with  inter  body  cr  cf  varices  kinds  aerodynamic  speed 
brakes  and  flaps).  In  tbe  general  case  the  jesition  of  executive 
cccttql  device  in  the  process  of  rcckc.t  flight  depends  on  many 
parameters.  They  include  changes  in  the  named  above  angles,  angular 
velocities  and  accelerati cqs,  coordinates  cl  tbe  center  of  mass, 
velocities  and  accelerations  ic  coordinates.  For  providing  the 
programmed  change  in  ti*e  determining  parameter,  actuating  element 


L A 
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aust  be  set  in  the  positicq,  which  ccrtespcfde  tc  the  difference 
between  the  Measured  and  pregraaaed  valves  cf  the  parameters.  For 
exaaple,  during  prograeiinc  with  respect  tc  pitch  angle,  angular 
velocity  and  angular  acceleration  the  equation  cf  ccntrol  fer 
determining  the  deflecticc  cf  the  ccrticl  cf  pitch  takes  the 
believing  fora: 


(3.25) 


where  *o»;  *i»;  - coefficients  of  the  eguetic?  of  control  along  the 

channel  of  pitch. 


Analogously  can  he  written  the  eguatiers  cf  control,  also,  for 
ether  paraaetecs  of  the  actico  cf  iccket. 

fiuring  speed  ccntrcl  cf  the  center  of  aass,  the  displaceaent  of 
actuating  eleaent  will  he  deterained  fcj  the  fcraula: 

+ l3  26) 

where  Av=v— i»np  (fop  - prograawed  velocity). 


Cage  112. 
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13.27) 


where  - the  paraaeter  cf  the  acticg  of  icckct  on  which  is 
coqdoeted  the  contrcl;  j - last/latter  derivative  considered  along 
the  appropriate  control  charnel;  v - cisp Jaceient  cf  the 
corresponding  controls;  h,  - operator  cf  ccntrcl  along  the 
appropriate  channel. 

Ihe  suppleaentar y complexities,  net  reflected  in  the  written 
equations,  consist  in  tie  fact  that  the  fcrces  and  torgue/moaents  are 
iaterocnnected  with  noticn  characteristics  flcog  dependences  (2.65), 

(2.681,  (2.71),  (2.75),  (2.76)  and  iy  ethers. 

Ihe  solution  cf  the  ccsplete  systea  of  equations,  which 
describes  the  three-diacneiccal/epace  flight  of  the  guided  aissile, 
ia  very  cosplex  and  laborious;  most  frequertly  curing  the  soluticn  cf 
practical  prebleas,  systea  is  siaplifiad. 

, 1 


A 
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1.2.  Simplified  systems  of  equations*  which  describe  spatial  action 
cf  the  guided  aissile  in  tfce  dense  layers  cl  the  ataosphere. 


luring  action  along  aissile  trajectory  with  the  well  designed 
and  cfrrectly  working  ccntrcl  system*  the  atgles  a*  fi,  j and  \c.  as  a 
rule,  are  saall,  saall  also  angular  velocities*  s,  and  w*.3 


Page  113. 


This  takes  it  possible  tc  disregard  as  saall  seccnd-crder  quantities 
the  terms*  which  contain  the  products  of  tie  sices  of  the  raved 
angles  and  product  cf  acgvlac  velocities;  »ith  this  system  of 
equations  it  will  take  the  icra 


1.  - V A1,,)  cos  acosi  — {Pyi+ 

+vrr,  | sin  acos.'i-f-  ^P,,+V  Zv ij  sin  3— X — Q- sin  #1. 

-•  9==~[(^'.  — ^ A’pi^sin  acosYc+^/,v.+ 

+ ]£}’r,lcos  Yccosa-  ^ ^njsin  Yc cos  ? + >'*  — 

— Q-qos  8 j. 

3 * — ^rr[-(A,'-2-f'')c05V'“>sox 

Xsin  '?  sin  Yccosa4-(P,,-f 


(3.28) 


•I 
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- V Zy\  n'us.  \\  cos  i -J-Z’). 

4 J , ,i»r  — V .If  r v .V,. 

.->■  4,“’,,  V.I^-i-V.Wp;,. 

6.  V.W,,  V.W,...,. 

7.  iu  i sin  y cos  y. 

8.  'It—  -----  (<«>  cos  y — «>  sin  y . i 

CCS  ••  I 

c).  y-^-uj,  — tij  i* . iu,.,  cos  y — sin  V I 

10.  sin  l*  •'in  b cos  a cos  • -cos  8 sin  u cos  yc.  J . g 

11.  Sill  'i  COS  y sin  1‘  COS  1 C«>S  \\  ■■  CO'  4’  | sill  ■ CO'  6 

— sin  yc  sin  0 cos  ' — cos  0 sin  I*  sin  y. 

IJ.  cos  i*  sin  y sm  yf  cos 'cos 8 — sin  • sin') 

13.  .v,— ;■  cos  6 cos  4\ 

14.  ii , ■ v sm  6 

15.  »3- — v cos  Osin  4 . 

16.  r 1 ,v-  - u \ . 

f 

17.  m~-  m0  — \ ,m  \ dt. 


Although  sole  equations  »er«  siaplifiea,  as  before  their  nuaber 
an c the  nuaber  of  ucknctns  reaained  eq^jai  tc  seventeen.  Further 
siaplif ication  can  be  carried  out,  if  cne  assuaes  that  the  autcaatic 
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Mac  biae  of 
rocket  0y4 
4-e.# 


A37 


roll  capture  (rcv^des  tie  lctatico  c t the  body  axis  cf  the 
in  the  vertical  (lane,  (assing  through  the  axis  of  rocket 
to  assuae  laterally  level  flight,  with  y-0,  f =0 , «, = 0. 


Cage  114. 


Sy$tea  of  eguatio«s  ia  thi$  case  sill  take  the  fora 


Xpi  J cos  a cos  3 — 

X sin  a cos  3 -f  V Zpi)  sin  3 — A'  — Q-  sin  e|; 

[(X,- V]  A’pijsin  a cos  Vc  - ( Pt„  + V Y pl]  X 

X cos  a — | P,,  + V*p>)  sin  yc  cos  3 + K*  — Q cosej; 

— 7 f — ( Pjt— V A'pi)  cos  Yccos  a sin  3 4- 

mv  coj  8 [ \ / 


+v  I p, ) sin  Yc  cosa-f-(P,,  +2  X 
X cos  Yc  cos  3 --  Z* ]; 


sin  it  = sin  6 cos  u cos  3 -f- cos  6 sin  a cos  yc? 
sin  <1i  = sin  4'  cos  3 cos  yf  -t-  cos  V ( sin  3 cos  6 — 

4-sin  YcSin  8 cos  fi); 
sin  Yc  = tg?tg8- 


(3.  29. 


(3.29 


1 


Another  way  of  sinplif icat ion  in  systei  (3.28)  is  connected  with 
the  concept  cf  the  action  cf  rocket  in  balancing  condi tions/aode. 

If  we  in  the  siall  trajectory  phase  dc  not  consider  transverse 
vibrations  of  rocket  of  its  relatively  center  cf  mass  and  rotation  cf 
relatively  longitudinal  aiis,  i.e.,  tc  coneider  that  the  flow  of 
certain  tine  its  aotioa  is  ccapleted,  with 

<"r,  ~ ~0 

and,  correspondingly, 

, ~0, 

then  frca  equations  (3.  Id)- (3.  16)  te  will  citain 

Y~0, 

while  frcs  (3.  10)-  (J.  12) 

VAi^VMp^O;  Vm„+2^p7«0; 

VA^.  + V'Wp'.—0-  (3. 30 1 

last/latter  equations  are  called  the  balancing  dependences  which 
reflect  equality  the  acients  of  control  forces  tc  the  uoierts  cf  all 
teaaiaiog  forces,  which  act  cn  rocket.  the  angles  of  attack,  slip  and 
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task,  detemaiqed  hy  balancing  dependences,  ere  called  tria  angles  - 
ao.  aqd  ye.  a the  icti.cn  of  rocket  bit!  such  angles  along 

trajectory  * by  aotioo  ir  talaccinc  ccpaiticns/sode. 

Eage  115. 

Actually,  this  moticn  cf  the  ipertia-lree  rocket  which  at  each 

■ceent  of  controlled  flight  occupies  ip  spree  such  angular  icsiticr 

which  necessary  for  notice  along  picgrasaed  trajectory.  Angles 

a«.  P« 

/ and  Yo  slowly  cnange  along  trajectory,  tierr  instantaneous 
values  depend  on  the  surface  pcsiticc,  velocity  of  the  motion  of 
rocket  and  height/altitnde  cf  its  flight.  If  tfce  well  designed  and 
cccrectly  working  systei  ct  control,  as  a rile,  angles  u6,  Ps.  y« 
and  Yc  are  saall,  which  aakes  it  passible  tc  drop/onit  in  equations 
the  teres,  which  ccrtair  the  predicts  cf  tie  sices  of  the  rased 
angles.  With  this,  system  cf  eguatiers  will  have  the  form 


L 
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v~~  Pr,  — V1  A'pijcosa^ ros;34  — + V >'P'J  X 

X sin  a„  cos  1 ■ V Zpi)  sin  — A"  — Q • sin  8 j; 

& = — I j P,  V .V, ,)  sin  a„  cos  Yl.  4- ( Pv,  + Wp. ) X 


• cos  y„  cos  VZ,,i  | sin  Yc  cos'i.+  l’*— Q-  cos8j; 

•i'  = -4— -I  — / /J.r,  — V A’pi ) cos  Vc  cos  a6  sin  \ — 

— I > Vi)  sin  Yc  cos  a,,  • I P.t  ■ V ZP1 1 X 

X cos  y,  cos  >6  -J-Z*]; 

V.U,,4-V.V/P,,^0; 

V.YJ^V  AJpp,  %(); 

V.u,,  + VA1P„%0; 

sin  » = sin  6 cos  a„  cos  % -f  cos  6 sin  a8cosyc; 

sin  41  cos  v«  = sin  <If  cos  cos  Yc  4- cos  W (sin  fi#  cos  — 

+ sin  Yt  sin  Bcos  p#  — cos  0 sin  ft  sin  ye; 
cos  ft  sin  v«  = sin  Y«  cos  3#  cos  8 — sin  sin  8; 
jf3=t»  cos  8 cos  T; 

1/3  = 1)  sin  8; 
z3=  — ncos8  sin  *1'; 
r=Vxl  + y>+:-} 


m = mB  — 


j|/n|dr 


(3.3D 


Eacc  116. 


The  ofctained  systes  ccreists  cf  1ft  eqtcticrs,  which  contain  1ft 
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uaknoeps.  If  one  assumes  tbat  in  the  process  of  flight  the  angles 
<»<•'.  Pft.  yr..  and  alno  V<  dc  not  exceed  the  talves  with  wtiich  it  is  I 

{caiilsle  tc  accept  1 

) 

sin  a*  ~aft:  sin  y„  ^ yft;  cos  aa  ss  I;  cos  y„  5=  I; 

sin  ^ c«5  sin  y,  ss yc;  cos  36as  1;  cos  yc  1 , 

tb«n  in  system  (3.  1 3)  tie  feta  cf  equations  scfcstantiall y it  will  te 
siajlitied  and  it  it  will  le  written  in  the  ten 

'/  ^ Y.Vy 


j 

i 
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V — — Xv\  a»  + 

-•  ^pi)  r,6  ~ X Q • sin  6 1 ; 

6 = -L [(/>, ,_  V Xvlj  a6-f  (Py'  + y^V*)- 

_(P,1+VZp,|Yc  + >'*-Q-cos  6]; 

-T-  + 2 ZP')  ~Z*  |i 

V^t  + V^px,  = 0; 

^ *H p,  -j-  ^ Mp  U i ~ 

Mp,,  = 0; 

sin  8 — sin  8-f  a6cos0; 

sin  (j;  = sin  <T-Lcos  V (^cosS  + YeSin  8)— y6cos-isin  «; 
Y#  cos  ft  = y,  cos  8 — 3#  sin  8; 

x3~  ncosBcosW; 


(/3=i»sin  8; 

’3==  — z>  cos  8 sin  *ir; 

r~Vx3  +yl  -r*J; 

t 

m=  m„  — [ | m \dt. 

6 


t3. 32) 


It  is  examined  the  tcticn  cl  the  ictating  cr  slow  rolling 
iccket,  then*  obviously,  «dX|  =^0,  while  the  legitimacy  of  assuwjtic 
««».  *»«,  «0  should  he  decked  bj  eu|  (leientaiy  investigations. 
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Issei}tial  simplification  in  tt€  systei  cf  equations,  which 
descrjtes  spatial  icticn,  car.  fce  cfctained  fer  a xisynme  trie  rockets 
and  projectiles  whose  thrust  does  ret  create  ccient  with  respect  tc 
the  center  of  aass  and  it  is  directed  along  axis  of  rocket,  i.e.. 


P = P,,:  P,=P:~  0. 

forces  S2pl,  2VPi,  12,,,  let  us  consider  in  implicit  form,  after 
include/connecting  thes  respectively  in  dree,  hoisting  and  lateral 
forces.  Then  from  (3.4)- (3. S)  we  cltair 


v = — (P  cos  a cos  5) — X—  Q-  sin  6V, 


6 = — IP  ( sin  a cos  Yc-1- cos  a sin  >sin  ycH- 
mv 


']■==-- 


— }'  cos  yc  — Z sin  yc  — Q • cos  ®1‘< 

-  [P  i sin  a sin  yc  “ cos  a sin  '<  cos  y.  1 + 


mv  cos  8 


4 -Y  sin  y-Z  cos  ycJ. 
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fvcm  12.  10)-  (3.  12) 

Jx^x,  =2  Mje‘  ~~  {J*>  ~ J»'  ’ ^ -1  ?P  *>’ 

/„•„  = v + V,MP„;  (3.  34) 

A,  “>/,  = ^ 7W*,  — i A.  — A, ) «**,<*»»,  -f  ^ »■  • 


Jf  the  angular  velocities  <■>,,  of  the  rocket  (projectile) 

in  rotary  notion  are  low  and  “*,  = 0,  tfcfi)  equations  (3.J4)  can  be 
replaced  with  balancing  dependences  (3.30).,  free  which  let  us  find 
tris  angles  a6,  Po  and  will  introduce  ties  in  (3.33).  Additionally, 
as  before  let  us  accept  sinae  = a6,  sinPe^fto.  sinvc^Yo.  a the  cosines 

of  these  angles  le*  us  equate  tc  unit.  lor  foisting  and  lateral 
forces  let  us  accept  the  licear  dependence; 

Y = Y"cl  h ^Z=-Z??,  (3.35) 

there  ",  S , B , 

Y —qSrv  H^Z*  = qS\c\\.  (3.36) 

&y:  (f)  S/id 

introducing  the  adopted  sinplif icatic^s,  we  will  ootain  from 
(3.33) 

— — tfsin  8;  (3.37) 

m 

0 ^P  + Y')a*  + {P+  z*''hi'  gco»^;  (3  38) 

mv  v 

r-  (P+y^c-iP  + zt]i*  . (3.39) 

mv  cos  ?' 


Page  118 
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Bren  equations  (3.17),  (3.18)  and  (3.  IS)  we  will  obtain 

sin  »SKsin  84-cos8(a6-!-i#Ycli 

sin  i. ^ sin  V -f  cos  cos  8 4- Yc  sin  8);  (3.  40) 


Vc~^tg6. 

Iguaticns  (3.  20) -( 3.  24)  will  leaaic  without  change. 


Ibus,i  as  a result  c £ tie  simplif icatic rs  conducted  we  will 
obtain  system  from  11  equations,  the  uebnemps  in  it  will  remain  13: 

v(t);  •(/);  Vi/b  x 3(i);  y3{tY,  z3U<;  r\t% 
h if  I;  ♦(/);  a6i/i;  '?b(tv,  >•<('>.  *«>• 

System  can  be  solved,  if  we  tc  the  writ tec  equations  add  the 
kinematic  equations,  which  determicc  the  method  of  control,  or  to 
accept  for  two  of  these  uckrown  values  the  specific  law  of  a change 
in  them  iq  tine  (program).  her  exanple,  fox  the  rockets  of  class 
"Earth-  Earth"  can  he  additionally  assicqcc  8 (t)  and  $(0. 


In  equations  (3.38)  and  (3.39)  the  tens,  which  contain  the 
products  of  small  angles  PeYc  and  acW,  are  ccxsicerably  less  thar 
remaining  terms,  and  when  ccnducticg  cf  ap{xcxinate  computations  them 
it  is  possible  to  drop/cnit.  Then  instead  ci  equations  (3.38)  and 
(3.39)  we  are  have 


_ . \P  + )^*)afi  geos  1 


r-. \p  + z*)b 

mv  cos  8 


(3.  41 1 
(3.42) 


L i 
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The  t hr  ee- diaensic  r a 1/s  pace  flight  of  the  guided  missile  with 
engine  cff  car)  be  described  by  the  system  cl  egwaticns,  obtained  from 
(i.28),  if  we  place  in  it  egual  tc  sere  thust  component 
tcique/mcments  from  thrcst  and  to  accept  ■ 3 const.  In  this  case,  the 
first  three  equatiors  take  the  fcra 


v=  — |^  — cos  a cos  X pi  — sin  a cos  Kp!  -f- 
-f-  sin  3 ^pi  — A"  — Q sin  0]; 

8 — ~ — sin  o cos  Yc^A'p,  -f  cos  y cos  a ^Vpi  — 
— sin  YcCOsi^  Zpt -h y*  — Q cos  Oj; 

*1‘=  — ^ cos  Yc  cos  a sin  p Xpt  4-  sin  yc  X 
X cos  a V Kpi  — cos  yc  cos  p ^ £pi  + £*] . 


(3.43) 


and  the  others  of  thirteen  equations  of  systes  (1.28)  can  be 
undertaken  without  change. 


Ia.ge  119. 


1.3.  Systems  of  equations,  which  describe  tie  spatial  motion  of  the 
unguided  rocket  in  the  dense  layers  cf  the  atmosphere. 
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the  systeas  of  equations,  giveij  in  tvc  preceding/previous 
sections,  can  be  rebuilt  in  connection  kith  the  notion  of  the 
unguided  rocket,  if  we  drop/ciit  it  then  the  equations  of  control 
(3427)  and  fron  regaining  equations  tc  exclude  aeabers,  who  contain 
central  forces  and  torque/xcaents.  ter  exaxplc,  cn  the  base  cf  systea 
(3.28)  Me  will  obtain  fer  tie  unguided  rocket 


v=  — \PX)  cos  a cos  'i  — Py,  sin  a cos  ) — Px,  sin  p — 

tfl 

-X-Q  sin  6]; 

9 = — \PX>  sin  a cos  Yc  -Py,  cosy  cos  u — P*>  s'n  Yc  X 

mv 

X cos  i4-y*  —Q  cos  fi}; 


l 


mv  cos  6 


[— Z5,,  cos  Yc  COS  a sin  p-^Pt,  sin  Yccosa-|-  } (3-44) 

-f  Px,  cos  Yc  cos  'i  4-  Z*  J; 

Jx,wx,  = 2 ,44r>’ 
j !/,“*,  = 2 


the  others  of  11  equations  cf  systea  (2.2£)  Mill  remain  Mithout 
change. 

§2.  The  principles  of  the  separation  of  spatial  motion  intc 
fciMaxd/progressive  and  rotational,  lcngitucinel  are  lateral. 

the  separation  of  spatial  eoticn  intc  the  fctMard  motion  cf  the 
center  of  aass  and  rotary  relative  tc  the  center  of  Bass,  into 
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longitudinal  and  lateral  signif icartly  simplifies  the  equations  of 
external  ballistics  and  their  scluticc. 


Pace  120. 


lith  a strict  theoretical  appicach  to  the  solution  of  problem, 
the  separation  of  the  equations,  which  describe  complex  spatial 
action,  into  the  eguatiens,  which  describe  crly  forward  notion  cf  the 
center  of  aass  cr  cnly  rotary  aoticc  relative  tc  the  center  of  mass, 
and  into  the  equations,  which  describe  the  separately  longitudinal 
and  transverse  motiens  ci  tie  center  cf  aass,  cfcviously,  is 
iapcssible.  The  rotary  roticn  of  tie  center  of  tass  cf  solid  body  cf 
variable  mass  (rocket)  and  cf  the  tedy  cf  constant  aass  (projectile) 
and  the  forward  motion  cf  the  center  ct  aass  cf  these  bodies  mutually 
connected  in  principle.  Dosing  the  action  cf  bodies  in  air,  basic 
ccmauaicahicn/connecticn  between  these  twe  fens  of  motions  is 
realized  through  aerodynamic  forces  and  the  ter gue/aoments  (see  §4 
and  §5,  chapter  II).  Furthermore,  the  interdependence  of 
f ctwasd/progressive  and  rctary  aoticc  fer  tie  cuided  and  unguided 
missiles  and  projectiles  is  exhibited  throngfc  the  sc-called  cress 
couplings.  Depending  on  the  fcraulaticn  of  the  problem  during  the 
compilation  cf  the  three-diiens ic ca 1 equations  cf  motion  of  the 
rcckels  and  projectiles,  are  considered  inertia  cross  couplings  and 
aerodynamic  cross  couplings,  but  during  the  ccipilation  of  the 


"’*'**■  ,<wwe«  ■*/!*£  :-^nX 
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three-dimensional  eguaticrs  cf  metier  c f the  ccgtrolled  objects  in 
the  expanded  setting*  aust  te  considered  alee  the  cross  couplings  of 
the  control  system  along  the  channels  ct  pitch*  yaw  and  hank. 


Jn  equations  of  aoticq*  inertia  cress  couplings  are  exhibited 
tfarcugb  the  terns*  thick  certain  products  cf  irertia,  and  the  terns, 
which  contain  the  products  cf  the  angular  velocities  of  forn 
[see*  for  example*  systea  of  equations  (1.2C)].  To  inertia  cross 
couplings  can  be  attributed  also  ccamun icat icg/ccnnect ions, 
deterained  by  forces  and  Coriolis's  tcigue/icnents,  which  appear 
during  the  displacement  of  lasses  cf  the  relatively  oscillating 
■ issile  body  [see  equations  (1.12)  and  (1.14)].  Aerodynamic  cress 
couplings  are  deterained  by  the  dissyaaetry  of  the  flow  arcund  rocket 
cr  projectile  in  flight  and  connected  with  this  field  distribution  of 
velocities  according  to  their  external  enclosures.  The  cross 
couplings  of  the  centre!  systea  aost  noticeably  are  exhibited  through 
a difference  in  readings  cf  aeasuricc  atd  actuating  elements. 


The  account  of  cress  couplings  in  the  systeas  cf  equations, 
which  describe  the  aoticn  qt  rockets  end  projectiles,  tecores 
cciplicated  by  the  fact  that  tie  acting  forces*  their  torg ue/moments 
and  the  moments  of  inertia  are  deterained  relative  to  different 
coordinate  systems  and  their  ccxauticatioD/ccnnection  they  are 
expressed  by  complex  functions,  changing  it  tic  process  cf  moving  of 
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rcckets  and  pro jectiles. 

the  systeaatic  generalization  of  investigations  in  the  account 
cf  the  effect  of  cress  couplings  ct  spatial  ac.ticn  of  flight  vehicles 
in  air  is  stated  in  wonks  [7.52]. 

For  rockets  and  the  projectiles  cf  class  tie  "surface  - 
surface",  as  show  theoretical  and  cxperinertal  studies,  the 
separation  of  notions  during  the  scluticn  cl  ballistic  protleas  into 
the  forward  notion  of  the  center  cf  tass  aec  rctary  notion  relative 
to  the  center  of  nass  ard  tie  separaticn  cf  forward  notion  into 
lcqgi tudiqal  and  lateral,  takes  it  possible  te  obtain  the  virtually 
acceptable  accuracy  of  the  calculations  these  results  will  agree  well 
with  the  data  of  trial  tilings. 

(age  12  1. 

2.1.  Separation  of  noticn  into  the  fervard  icticn  of  the  center  of 
less  end  rotary  notice  relative  to  the  center  cf  nass. 

• iviaion  of  notion  intc  terva rd/ pr eg  re esi vc  and  rotary  is 
ccydudted  nosh  fraguently  during  independent  approxiaato  scluticn  ot 
cm  of  the  basic  ballistic  tasks  cf  deterniiing  of  the  motion 
characteristics  of  the  certer  of  aass  cf  rccket  (projectile)  and  ot 
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the  tasks,  connected  with  stability  cf  noticn,  by 
cscillat ion/vitrat icns  and  ccntrcl. 


Jn  the  written  abcve  systems  cf  equations,  it  is  possible  tc 
isclate  the  equations,  which  detenire  the  icticn  of  the  center  of 
■ass,  and  the  equations,  which  determine  acticr  relative  tc  the 
ccqtcr  cf  aass.  For  exaiple,  ir  systei  (3.11)  the  ieft  sides  of 
equations  1,  2,  3,  13,  14,  15  - the  derivatives  of  the 

characteristics,  w b ich  deteraine  tie  acticf  cf  the  center  cf  aass  cf 
rocket;  equation  4-9  ccitair  the  values,  which  deteraine  motion 
relative  to  the  center  cf  aass.  H igenc «et r ic  equations  10-12 
deteraine  the  additional  constraints  fetweer  eiqht  angles  0,  4r.  y,., 

— A,  if.  a and  8-  Ihe  first  twe  atgles  can  be  deterained  during  the 
Joint  sclaticn  of  equations  1,  2,  2,  14  anc  17;  the  ethers  - during 
the  scluticn  of  equations  4 -9.  It  is  lcgicil  that  the  separate 
soluticn  is  possihle  with  essential  siafli 1 ic at  icns.  In  equations  1, 
2,  3,  which  describe  the  action  cf  the  center  cf  mass  (material 
jcinti,  it  is  necessary  tc  accept  «“f=j=  >•<  = C,  then 


V**)-.Y-Qsin  e]; 

6 ^[('V.  + Vrpi)  : ) '-Qcosfl);  | i3.4S 

V Zp,  -z-1 . 


4 = : 

mv  coj  ti  

After  the  addition  of  equatiocs  14  and  17,  systen  will  be  locked 


and  it  can  be  solved  independently,  for  deliniticn  cf  six  angles  9 
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y,  a,  p and  Y'  and  tbree  angular  velocities  . «It  can  be 

asad  nine  aquations  4-12.  ltese  eguaticns  cannot  be  solved 
independently,  since  £ot  determining  tie  tci gue/aonents  in  the  right 
sides  c£  equations  4-6  it  is  necessary  to  knew  velocity  and  flight 
altitade.  Taking  into  account  the  technical  difficulties  of  the  joint 
solution  of  nine  equations,  in  practical  work  utilize  an  artificial 
aethcd  of  the  separatior  of  systea  ictc  the  equations,  which  describe 
longitudinal,  lateral  and  rctary  action  intc  tic  longitudinal  and 
lateral  stated  in  following  section.  Fez  describing  the  rotary  notion 
of  rocket  or  projectile  (artillery  and  turtejet)  is  utilized  equation 
111 13} . 


iaqe  122. 


2.2.  Separation  of  notion  into  longitudinal  and  lateral. 


Buring  the  separation  cf  the  ccaplcx  action  cf  rockets  into  the 
longitudinal  and  lateral,  accept,  that  in  tie  first  approximation, 
the  axial  sotion  does  not  depend  op  the  lateral.  In  accordance  with 
this  ir  equations  for  deteraining  cf  lc eg i t idi ral-beha vior 
characteristics,  are  considered  only  these  forces  and  the 
t.ocgue/nonents,  which  act  ii  range  plane,  lath  determination  of  the 
laterhl-behavior  characteristics  ol  rocket,  tc  consider  it 
independent  variable  of  the  longitudinal  is  impossible;  tnerefere  in 
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equations  are  included  all  forces  and  tfce  terqua/aoments,  which  to  a 
certain  degree  can  cause  the  deviations  o£  icckec  trem  range  plane. 
Icr  a*  exaaple  we  will  ettain  t rca  13.18)  tie  system  of  equations, 
which  describes  the  longitudinal  (flat/plare)  action  ot  the  guided 


aiesile. 


!■  — ^ A',,, ) cos  u — j V > ) X 

X sin  a - X ~ Q sin  8J; 

-V.Y,,)sina  + [/»„  • Vl^Jx 

X cos  a — }"*  — Q cos  8); 

./*>*,  = V.W,,-*-  V 

sin  H — sin  6cosa  :-cos  6 sin  a — sin  (8  4-  a); 

.t3  = r cos6; 

1^  = 1!  sin  8; 

r=  J x*-r  y:<: 

t 

m = mt—  [\m\dt. 

6 


t rigonoaetric  equation  in  systea  11*46),  that  connects  angles  a, 
6 and  <*,  in  a series  of  the  cases  tc  corvee jert  ly  replace  with  the 


eqaality 


8 = 8 + a. 


it  in  the  first  two  equations  .control  lcrces  are  unknown,  then 
tc  systea  one  should  adc  the  equation  cf  control,  for  example  - 
J3.251.  The  obtained  systca  ot  equations  is  lccked  and  can  be  sclved. 
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let  us  write  new  syste*  of  equations  fci  the  ^efe^rtinatieti  of  the 
lateral-behavior  characteristics  cf  rccket,  assuming  laterally  level 
flight  (r=0) 


<1  = - f - 1 z\ - V A1 pi]  cos  Yc  sin  > - 

-•  (^,  + T >'i>i  | S'n  Vc  ' Zf' 1 cos  P 


sin  it—  sin  4'  cos  ' cos  yc  - cos  4 i sin  oos  ® 
sin  \c  sin  A cos  fs i; 

sin  Yc  = tg?tg®i 

_:3= v cos  6 sin  4". 


(3. 48 1 


Equations  (3.48),  which  describe  cply  yawiry  motion,  cannct  be 
sclvec  independently,  withett  tbe  account  ct  the  basic  values, 
determined  by  axial  motion.  For  example,  in  system  (3.43)  the  first 
equation  is  basic  during  parameter  detetmir <t ic r of  yawing  action, 
tut  it  is  solved,  cnly  if  ate  krewt  i(t)^  'a'(t)  and  0(t).  The 
aerodynamic  forces  and  the  ter gue/ ac le n ts,  thich  act  in  side 
direction,  also  cannot  te  determined,  if  ate  set  known  velocity  and 
flight  altitude. 


System  (3.48),  which  describes  yawing  icticn,  it  was  obtained 


i J 

) 3 

1 J 

'1 
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complex;  f urthermone,  with  large  6 it  is  necessary  to  check  the 
limits  of  the  applicability  of  the  formula,  determining  yc  Essential 
siiplif  ica  tion;  in  the  systea  can  te  cttainec,  if  we  use  artificial 
method  and  tc  accept  #-6-C  in  the  equations,  determining  the  angular 
parameters  of  the  mcticfi  cf  rocket.  This  assumption  is  equivalent  tc 
the  assumption  that  the  rcciet  flies  it  horizontal  position,  its 
lcngitudiqal  axis  comprises  with  tte  velocity  vector  of  the  center  of 
mass  angre  0,  and  anglf  vc=° 


Ect  obtaining  the  results,  close  tc  reel,  in  the  equations, 
which  determine  the  conditional  horizontal  trajectory  of  the  mcticn 
cf  the  center  of  mass  cf  rocket,  its  velocity  must  be  undertaken 
equal  v = cos  e whose  factors  are  determiner  during  the  solution  cf 
systea  cf  equations,  which  describe  the  axicl  action  of  the  center  of 
mass  $f  rocket  (projectile),  kith  the  adopted  assumptions  from  (3.4ri) 
it  fcllcws: 


»r= j - (Px,  - V A'pi)  sin  p 4- 

mv  cos  6 [ \ J 

^ 2Tpij  cos  3 -f- Z* |; 

J = 2 My,  4* ^ i II,  t 

sin  4=sin  V cos  p -|- cos sin  3=sin  (V-f-p'; 
i3=  — ticos  ®$in  V. 


(3.49) 


IU. 


I 


penultimate  equality  it  i£  possible  tc  replace  by  the  sum  cf  the 
angles 

(3. 50  i 

If  in  the  first  equation  ace  crkccvg  tie  controlling  forces, 
then  %o  system  (J.  49}  ere  should  acd  the  egtaticn  of  control. 


Ihe  flight  control  cf  rockets,  as  a rale,  is  realized  along 
tbiee  separate  channels  - cn  pitch,  tc  yaa  end  iank.  Despite  the  fact 
that  each  control  channel  selves  independent  prctlems,  their  week 
proves  to  be  interdependent  that  it  is  exhibited  through  the  dynamic 
characteristics  of  rocket,  dynamic  ard  kinematic  motion 
characteristics  and  cross  aerodynaaically  ccuumcation/connections 
[see  systems  of  equations  (i.1}-(3.24)  and  icriula  (2.79)]. 

therefore  during  the  scluticn  cf  problems  regarding  the  motion 
characteristics  of  the  guided  missiles,  it  can  te  divided  into 
lcggitudinal  and  lateral  ccly  after  setting  of  the  legitimacy  of  this 
division  on  the  basis  of  the  preliminary  analysis  of  the  specific 
characteristics  of  rocket,  its  control  system  and  the  conditions  of 
action. 
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Ihe  synthesis  of  complex  spatial  metier  taking  into  account  the 
special  feature/peculiarities  o f centre  1 ci  each  of  the  charnels 
should  he  carried  cut  fer  specific  cccditicrs. 

§3-  The  simplified  systems  cf  equations  longitudinal  and  yawing 
acticas  of  the  guided  aissile  in  tie  dense  layers  of  the  atmosphere. 

In  many  instances  it  proves  to  be  advisable  to  obtain  the 
simplified  systems  cf  equations  lcrgitvdinal  and  yawing  motions  not 
from  the  ccmmon/general/tctal  system  cf  spatial  motion,  but  it  is 
direct  according  to  simplified  diagram  cf  tie  acting  forces  and 
tcique/mcnents,  comprised  fer  a specific  case. 

3-1-  .longitudinal  controlled  moticr. 

let  us  examine  the  lccgitudinal  ccptrclled  motion  in  the 
starting  coordinate  system  which  for  contraction  in  the  indexing  let 
us  designate  Oxyz.  Let  ts  assume  that  tell  end  yaw  control  provides 
iccket  flight  in  the  vertical  plane,  passive  through  the  place  cf 
start  and  the  target/pur  pcse.  It  this  case,  it  is  posside  to  count 
that  the  forces,  applied  tc  rocket,  act  in  cne  plane  - in  range 
plane*  and  the  flight  trajectory  - plane  curve.  Acceleration  during 
flat/plane  curvilinear  motion  can  be  presented  as  sum  of  the 
tangential  (a,)  and  normal  (a„)  cf  acce lera  t ic  ns . 


r 


1 


1 

"4 
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Ihese  accelerations  are  directed  aiccg  the  natural  (natural)  axes  c£ 
coordinates  Orn.  Tangential  acceleraticn  is  e goal  to  v and  it  is 
directed  tangentially  tcuarc  trajectory,  Hemal  acceleraticn  is 
directed  along  the  normal  tc  trajectory  to  the  side  of  instantaneous 
centes  of  curvature  and  is  equal  v*//s-  Eatt  curvature  1/p  can  he 
represented  as 

i>  I <iS 

vhere  d Q - elementary  change  in  the  angle  cl  arrival;  ds  - the 
segment  element  curved. 


Carrying  out  replacement  and  transfor icticcs,  we  will  obtain 
formula  for  the  module/icdu lus  cf  the  ncrmal  acceleration 

t>-  , | itb  ill  | ! ilb  ' 
o | ill  <IS  i I ill  | 

The  sign  of  the  derivative  cS/dt  depends  og  the  form  of  the 
trajectory:  if  6 decreases  *ith  the  ircrease  ef  arc  - then  de/dt  < 0, 
if  vice  versa  - then  dfl/dt  > 0. 


Since  the  missile  trajectory  cf  class  "surface  - surface"  are 
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ccgvey  with  respect  to  the  Earth  curves,  also,  her  them  always  d6/dt 
< C,  subsequently  formula  fer  normal  acceleration  we  will  take  in  the 
tcra 


(otherwise,  sign  is  a consequence  cf  the  fact  that  in  the 

examination  of  aoticn  in  right  systca  ct  coordinates  Oxy  tc  the 
positive  direction  of  axis  i correspcnds  the  negative  direction  cf 
the  reference  line  cf  angles  8). 

As  an  example  let  us  ccmprise  the  system  ct  equations,  which 
descrites  the  flight  of  wirced  fissile  iq  the  week  of  its  booster 
engine. 

the  circuit  of  the  acting  on  winged  missile  forces,  led  tc  the 
center  cf  aass,  is  represented  cn  Fig.  3.  1.  Cf  the  projections  of 
forces  or  tangent  and  standard  let  us  ictrccuce  in  'Table  3.  1.  The 
designatiens  of  forces  and  angles  ere  undertaken  freo  Fig.  3.1.  The 
sign  before  the  projection  shows  the  direction  comprising  of  the 
datum  cf  force.  If  the  direction  that  ccmpnse  coincides  with 
reference  direction,  then  stands  plus,  if  it  dees  not  coincide, 
fin us„  control  forces  ace  given  to  the  center  cf  mass,  torce  couple 
tc  figure  are  not  sbewr. 


><4° 


in  Table  3.1  by  Xp,  agd  ypl  are  iaplirc  the  suns  of  the  forces, 
created  by  cne-type  control  devices;  urder  f - gross  thrust  of  all 
engines;  gravitational  force  is  urdarteken  in  fern  Q=my. 

Cage  126. 

let  us  write  equations  of  notice  in  projections  on  tangent  and 

the  standard 

mv—P  cos  (a  — ?)  — X~mg  sin  8 — cos  (8  — 8)  — 

— Kpisin  (8  — 8); 

— fni>8—  — Psin (a— $)— Y 4 -mg  cos84-.Xpi  sin  (8  — 8)— 

— ) Pi  cos  (8  — 8). 

in  the  equation  of  rctary  notion,  let  is  ccnsider  the  following 
ter que/aonents; 

**  noneat  of  aerodyranic  forcer  ,w„  which  is  approximately  equal 
tc  product  Ylu  where  la  a - distance  tetween  centers  of  trasses 
(ts.nl  and  the  resultant  pressure  (ts.s)  (see  Fig.  3.1); 

- the  nonent  of  central  forces  Afpi.  which  is  a pproxi  na  tely  equal 


tc  Y,,]ly.  where  / 1>  - a distance  free  center  cf  pressure  control 


Pig.  1.1.  Ihe  circuit  o £ the  action  of  iorcts  cc  the  winged  missile 
dtiw  iog/novicg  in  tfce  work  cf  the  Wester  ergioe:  r - direction  of 
tangent  to  trajectory;  r.  - direction  cf  standard  to  trajectory. 

tables  3.1.  Force  ccmpc^ents  which  act  cq  winged  missile,  along  the 


aies  r and  n. 


m,,y,  <sNi«#a*fi-«fVW-’'-' f<‘V  • 

* . . - ^1  ~ . • ,*>■>&*£-<  ,|‘  .*  .1  t 
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( * i /lofioBoe  conpOTHUeiiHe 
^ [loA  i.euMafl  chii 
i ■>'  Ctuu  TtnkecTH 
1 1 rioTepa  T«rM  hi  pvMi 
,Q: ynpauaiiuuui  rail 


If*1  KlCITIJkHU  13  HopMUMM 

| cocraumoaui  (Octimumsm 

(npoeKUM  hi  ock  t)  (npoekum  hi  ock  n) 


P cos  (a—j) 
—X 

— mg  sin  8 
-.V,,  cos  (*— 8) 
-Kp,  sin  (*— 8) 


-P  sin  (a — J) 


mg  cos  8 
•Vpi  sin  (8 — 8J 
->  pi  cos  (8 — 8) 


Key:  11).  force.  (2).  taacectial  ccipcneqt  (projection  on  axis  t)  . 
(3>.  Kcraal  ccaponent  (projection  on  axis  c).  (4).  thrust.  (5).  Drag. 
(■6).  lifting  force.  (7)  . Gravitational  force.  (8).  Losses  cf  thrust 
c«  controls.  (9).  Control  force. 
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Ibe  equation  of  rotary  action  ifill  have  the  fora 


where  J,  - axial  aoaent  inertia  ci  winged  aissiie  relative  to  axis 
C*jrf  which  in  tbe  case  in  guesticn  coincides  with  axis  oz. 


tc  the  Britten  three  equations  it  is  ctcessary  to  add  two 
civioas  kineaatic  of  the  egcaticn 

x — v cos  8;  v=vsin#  (3. 53' 


and  of  the  relationship/ratio,  vticb  ditecnoc  flight  prcgran. 


Xbe  numerical  values  cl  the  projections  cl  all  forces  on  the 
natural  coordinate  axes  depend,  except  construction  and  the 
si2e/diaensicqs  of  flight  vehicle,  fics  the  valces  of  angles  a , t,  6 
and  siqce  booster  engine  to  the  tcrgua/icnent  of  its  separation 
free  tinged  missile  is  fiiec,  then  angle  € to  change  in  the  process 
cf  flight  is  iapossible.  Ancles  a aid  6 charge  in  the  process  of 
flight  and  we  could  be  undertaken  at  prcgrmec  notion 
characteristics;  however,  tteic  reliable  leasuretent  represents  great 
difficulties. 

ielatively  sitply  and  sufficiectly  reliably  is  Measured  in 
flight  pitch  angle  S.  Herefore  it  are  selected  as  the  cell/elenent, 
which  determines  flight  prccrat  in  vertical  piece. 

lot  us  examine  the  axial  aotici?  of  surface-to-surface  tissile. 


ccftcglled  along  pitch  angle.  Ifae  echeaatic  cicgraa  of  pitch  ccntrcl 
is  sh{wo  on  Fig.  1.2/ 
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proportional  programed  and  real  pitch  angles,  issues  tne  error 
signal.  Intensified  and  ccn«erted  iq  tie  shaping  unit  of  control 
signal,  it  is  transferred  to  the  steering  drive  which  correspondingly 
turns  controls.  In  this  case,  tie  directi,or  cf  the  notion  of  the 
rocket  will  change  so  as  tc  parry  tic  eiercsr.t  deviation  ftot 
progressed  trajectory.  Displacement  argle  nth  respect  to  pitch  can 
be  ap f rcxisately  connected  kith  the  angle  ci  rotation  cf  control 
devices  with  the  aid  of  tie  first  oespenent  equation  of  control 
43.151 

%=*».»- V-  (3-54' 

where  *,.»  - a static  coefficient  of  the  systes  cf  control. 

iren  lash/latter  equality  (3.30}  we  will  ettain  the  balancing 
dependence  between  angles  (i.  and  o.  fer  siiplicity  cf  writing,  let 
us  drpp/oeit  the  sign  of  sua,  assusieg  that  tic  rocket  has  only  one 
coqtrql  device,  which  detersines  its  sctic(i  in  vertical  plane. 

Ihen 

At,  -i-Mpt  = 0.  1 3.  55 1 

Vtilizing  first  egoaticn  (2.86)  and  accepting  approximately 
= where  lv  it  is  taken  cn  lig.  2.1,  we  will  obtain 
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- ..X 


linus  sign  shows  that  cueing  the  ictat jen  cf  the  governing 
ccptrpls,  arrange/lccate d behind  the  center  cf  lass  in  the  tail 
section  of  the  rochet,  to  cne  side,  for  exeaple,  clockwise,  the 
rocket  will  turn  itself  in  the  ether  direction  (counterclockwise). 


Btilizing  (3.54),  we  will  obtain 


aft=  — e#*a»  I fi  — 


cr,  replacing  in  (3.57)  ft=8  J-a#,  — 


liter  taking  as  basis  systen  cf  equations  (3.51),  let  us  suppose 
that  (crce  vector  of  thrust  acts  along  axis  cf  rccket. 


Cage  129. 


Ferthetaore,  is  include/ccijnected  in  dreg,  end  Vpi  - by  lift,  on 

the  siallness  of  angle  of  attack,  let  us  accept  how  it  is  earlier 
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sin  a = a6:  cosa=-l;  > - ) ”u,. 


then 


mi<  P — A — rng  sin  6; 
mi'll-  (/■'  > 1 i a9 — mr  cos 6. 

Alter  adding  usual  kinematic  relationshif/ratios  and  programmed 
eguatjcn  fcr  a fitch  ancle,  we  will  cltain  the  system  of  equations, 
which  approximately  describes  longitudinal  controlled  rocket  flight 

t sin  6; 

m 

l : :,*us  !'  — h)  g cos  8 , ; 3.  5‘ ' 

tnv, . 1 -i-  ■ v 

ft  = 6 -L  a6  = p i / ; it  = v sin  6;  a-  roost.  i 

System  hms  five  variable  values  ? |t)  ; 6 It);  x (t)  ; y (t ) ; o 6(i) 
can  be  solved,  if  are  assigned:  the  prccraa  cl  the  fitch  angle  &nv(t). 
cf  dependence  r.i.VJi,  s«,  fro*,  the  deperderce,  *hich  determines  a change 
in  the  mass  of  rocket  a(t),  and  r e 1 ere  nee- 1 1 ig h t conditions. 

The  simplest  system  cl  eguatiens,  whic)  a p p roxima tely  describes 
the  controlled  flight  ol  the  center  cf  mass  cl  rocket,  can  be 
obtained  from  (3.59),  il  we  consider  that  recket  it  is  control/guided 
ideally  and  its  longitudinal  axis  it  ccincices  with  the  velocity 
vector  cr  flight  (1*6). 
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then 

v — —e  sin  6;  8|/l^r  »„p:/ ; 1/  — T’ sin  6;  jr  . t*co<6.  (3.60 

Here  three  unknowns  - »<t),  z(t),  y (t)  , anc  it  is  known  m(t),  system 
it  is  solved  simply. 

Jf  we  in  (3.60)  assume  X=0,  then  systei  ct  equations  will 
cesctite  the  notion  of  the  center  cf  mass  ct  the  guided  missile  in 

the  vacuum. 

3.2.  action  cf  the  guided  missile  is  sice  auction. 

Be  utilize  a system  of  equations  (3.BS).  fince  as  the  governing 
parameter  is  accepted  tte  yew  angle  \j\  the  third  equation  in  system 
can  he  emitted,  lb t the  thrust  coincide  with  axis  of  rocket,  then 

- V X,,  P. 


F age  130. 


in  the  absence  of  dist urt ance/ pe r tur t t t ic is  in  side  direction, 
the  missile  trajectory  coincides  with  range  plate  and,  it  there  ate 
nc  any  special  coosideratic ts,  the  prcgraiacd  value  of  the  yaw  angle 
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should  take  as  equal  tc  z«u.  Displace  sen  t ingle  with  respect  tc  yaw 
let  u*  connect  with  the  angle  cl  rctaticn  ci  control  devices  with  the 
aid  ot  the  static  cceiticient  ct  the  systei  ct  ccntrol  - Av*  and  from 


(3.271  we  will  ohtaiu 


5j,,  - AwV 


Ihe  second  equation  cf  systea  (3.49)  let  us  replace  with  the 
Lalanoinq  dependence  utilizing  which  let  us  write 


Z'  : z'^Ar-  0 


He  fee 


nf- Sim' 


Introducing  the  coefficient  c£  ccntrcl  and  ising  (J.hO),  Let  us  he, 
it  is  analogous  (3.58)  , to  lave 


.3.  63  > 


Replacing  in  the  first  equation  ct  systea  (3-49)  sin  p on  fi(. 
and  salectiny  (ton  (1.4)  arc  (2.85)  /*--Z=  -7-fh  .we  will  obtain  already 
krewn  to  us  formula  (J.*2) 

v tP  + 7'"l  h 

mv  cos  •» 
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trim  anyles,  as  a rule,  are  siall;  however,  with  use  cl  systems 
cl  the  approximate  equations,  one  should  reseller  about  these 
assumptions,  with  which  they  are  obtained  as  far  as  possibility  to 
(reduce  the  evaluation  of  errors.  The  equations  ct  controlled  flight 
with  engine  off  easily  can  be  obtained  fren  preceding/previous,  if  we 
in  thei  accept  thrust  P30  ard  ■ - cent. 

§4i  Systems  of  equations  ci  the  acticn  cf  the  center  of  mass  of 
rocket  taking  into  account  the  rotation  of  tfc  Earth. 

let  us  comprise  system  of  equations  in  the  connected  geocentric 
system  cf  coordinates  Cxyz,  ccnveniert  for  the  account  ot  the  effect 
cf  thm  ferm  cf  the  Earth  and  its  rctaticn.  Ihe  position  ct  rocket  let 
us  determine  by  coordinates  x,  y,  2,  by  gecceotric  latitude  and 

by  longitude  X (see  Fig.  i„1).  Let  ms  assuie  that  the  control  at  each 
acient  cf  time  combines  axis  of  rcckct  with  velocity  vector.  During 
the  well  working  control  of  the  oscillaticn/vi hration  of  the  rccket 
relative  tc  the  center  cf  tass  it  is  jcssitJe  ret  to  consider  and  to 
consider  the  motion  of  rocket  as  material  point. 

The  differential  equation  of  action  ci  the  center  or  aass  ir 
inertial  coordinate  systea  and  the  designations  ct  formula  (2.  J 1 ) 
takes  the  form 

"t  (u,. - «/>lcp  <rfc„P> 


L 
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In  relative  notion  max„M  — Vf- ma,ltp-  w«h„p.  For  the  writing 
cf  scalar  equations,  let  us  determine  .the  projections  or  the  entering 
these  dependences  values  to  coordinate  axes. 


The  projection  of  thrust  on  coordinate  axes  will  be  equal  tc  the 
product  of  thrust  cr  the  cosine  of  the  angle  between  the  sense  of  the 
vector  cf  force  and  the  corresponding  axisw  lie  cosines  of  angles 
will  te  egual  to  respectively 

^OTH  X . t'oTH  y . ^PTH  £ 

^OTH  ’ «*«1H  * V.I.M 

where  uOTB„  and  t.0T., . - prcjecticr  cf  the  velocity  of 

relative  notion  of  the  center  of  mass  cf  rccket  cn  coordinate  axes. 


i 

(Slitting  subsequently  the  indices  cf  "ctn",  we  will  obtain 


v 


Cage  152. 


The  projections  of  thrcst  ace  ceteraictd  by  the  formulas 

; p _ . 

v f i' 


l i 
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tor  the  air  resistance,  it  is  ccnveqiett  tc  utilize  in  the  case 
in  questiop  expression  (2.4i).  Its  projections  cn  coordinate  axes 
will  he  equal  to  force  of  B,  xultiplied  on  the  cosines  of  the  angles 
between  tire  sense  of  the  vector  of  thristo  and  the  corresponding 
coordinate  axis 


Rx  = ^Scrvx;  A = fit=fScgV,. 


(3. 68) 


tcrce  component  of  the  gravity  of  the  -larth  let  us  determine, 
using  formula  for  accelerating  the  force  of  gravity,  obtained  on  the 
assumption  that  £ arf^  — 


where  £tp  - acceleration  cf  the  force  cf  gravity  on  the  surface 
cf  the  Earth;  R3  - radius  cf  the  Earth;  r - distance  frca  the  center 
cf  mass  of  the  rocket  to  the  conditional  center  cf  the  Earth. 


force  coaponept  of  gravity  will  he  equcl  tc 


FJX—mg, 


*1 


F in  to 


C — z 

F,i  — m.^o  r2 


r 

(3.  69 1 


A 
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Hh«r«  x/r;  y/r;  z/i  - cosines  o£  the  angles  tetween  line  of  force 
F t and  the  corresponding  coordinate  axis- 


Btilizing  these  fcrculss,  and  also  and  (2.35),  we  will 

obtain  the  system  cf  the  differential  equations,  which  describe  the 
rcticn  cf  the  center  of  mass  of  the  rocket 


P^l±-^Sckvx±  -Pt0?*  x+Q'x-2Qv, 
v m 2 m r3 


v,-p±  ± -^Svji-4* 

v m 2 m r6 


v m 2 m 


.,„^.-+0*--  + 22^ 


(3.70) 


let  us  establish  cc mau t ic ation/cc nnec t icn  tetween  the  position 
cf  rooket  in  the  selected  rectangular  <corcana.te  system  and  its 
geocentric  latitude  and  the  lcrgiti.de.  from  fig.  2.1  and  formulas 
(2*  1)  we  will  obtain 

jc=rcosfrusin  y = rsin:pru;  z = r cos  ?ru  cos  k.  (3.71) 
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■ if ferentiati ng  (3.71)  twice  ci)  tine,  converting  the  obtained 


differential  equations  in  accordance  with  dependences  (1.7C)  and 


we  Kill  obtaiq  the  systea  oi  the  differential  equations  which 
describe  the  trajectory  cf  relative  notion  c£  rocket  in  the  connected 
geocentric  spherical  coordinates,  Taking  into  account  uuwieldiness  ct 
system,  let  us  write  it  in  the  ton  cf  the  functional  dependences 


11 

j-s 

"1 

<Pr„. 

r,  <?rn,  a.  /) 

ru  ~ f ^ • 

' ?rn. 

r,  tpru,  /'.  t) 

^/s(^ 

?ru- 

/•.  r,  tpr„.  /..  /). 

The  complexity  of  the  solution  cf  the  written  equations  is 
cbvioas.  However,  difficulties  are  overcome  with  the  aid  of 
electronic  computers. 

Ircm  common/general/tctal  system  cf  equations  (3.72)  it  is  easy 
tc  obtain  the  systems,  which  describe  special  cases  cf  motion.  The 
mctico  characteristics  cf  the  center  cf  mass  cf  the  rocket  with  the 
sbut-dcun  engine  (on  inactive  leg)  can  be  determined  during  the  use 
cf  egmations  (3.70),  in  which  it  is  nexessary  tc  equate  P zero. 
Curing  the  calculation  cf  metien  at  high  altitudes  in  near-earth 
evacuated  space  when  it  is  possible  not  to  consider  the  air 
resistance,  it  is  necessary  in  (3.7C)  .tc  drep/emit  the  terms. 


J 


undertaken  from  eguaticrs  (2.68). 


§5.  Equations  of  action  cf  the  guided  lissije  ic  rlat/plane  central 
gravitational  field. 

let  us  comprise  the  system  of  equations,  which  describes  the 
ccqtrglled  flight  cf  the  cetter  cf  mass  of  iallistic  missile  on 
levered  flight  trajectory.  let  us  examine  two-dimensional  problem  and 
will  consider  the  rotational  effect  of  the  larth  partially,  through 
tt«  acceleration  of  gravity.  Control  forces  ypi  and  *Pi  separately 
consider  we  hill  not,  but  it  is  include/cocrect* d them  in  drag  and 
lift.  Thrust  it  is  directed  along  axis  cf  rocket.  System  of  equations 
let  us  comprise  into  projection  cn  the  axis  cf  the  rectangular 
starting  system  of  coordinates  0xy(0x„yCT)  (fig.  3.3).  The  projection 
of  velocity  vector  cn  axis  Cx  let  us  designate  through  u,  while 
projection  on  axis  Oy  through  ••  The  projections  of  gravitational 
fccce  cn  the  same  axis  let  us  designate  resjectively  through  gx  and 
gv\  gx**g  sin\;  gv“gC0SY- 

Cage  134. 

After  writing  equations  of  lotion  in  projections  on  the  selected 
coordinate  axes  and  after  adding  usual  kineiatic  and  trigonometric 
ratio,  obvious  from  Fig.  3.3,  we  will  ettair  system  of  equations 


\t  we  to  the  written  equations  add  the  ejection,  which 
determines  tilt  angle  (a+0)  -<l=Gnp(f)  cr  prcgramed  angle  of  attack 
anp(<).  dependence  for  detereining  tfce  lift  aid  tte  equation,  which 
determines  a change  in  the  lass  of  rccket  W(t),  then  system  can  be 
solved  numerically. 


i. 
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Fig.  J.3.  Circuit  cf  the  forces,  which  act  cn  tie  lony  range 
kaliistic  missile  in  the  eiamicaticij  c£  its  relative  action  in 
central  flat/plane  gravitational  field. 
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the  system  of  equations,  which  describes  the  controlled  flight 
cf  the  center  of  aass  ci  ballistic  missile  (cr  its  nose  section)  on 
icactive  leg  taking  into  account  the  ettect  ci  the  air  resistance, 
is  easy  to  obtain  from  system  (3.73),  it  we  accent  thrust  P=0  ana 


•*ccnst 
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X cos  9 4-  Y sin  8 


X sin  9 — y cos  6 


— rsin  y; 


-/•cosy; 


it  u tlx 

Ul  = w;  — =u; 

jt  lit 

v~  | Ks  — m’2; 

to  6=,  — ; t£Y 
u 


R3  T y ’ 


r=-  l ! Ra  — y '2  •-  a2; 

* ••I1.*)1 

a~Q~  = 


Equations  of  motion  of  the  unguided  rocket  in  plane-parallel 
yra  eitational  field. 


ln  the  absence  of  control  or  its  disccrne ction  on  any  reasons 
rocket  flight  becomes  urguiced.  The  ungiideo  rcckets  are  intended  for 
a firing  tc  comparatively  snail  distances;  therefore  in  many 
instances  it  is  possible  net  to  consider  the  surface  curvature  ct  the 
Earth,  tut  its  rotatic;  tc  consider  ap ( roxi aately  through  the 
acceleration  of  gravity,  assuming  ty  its  ccrstact  in  value  and 
direction  (i.e.  considering  that  the  gravitational  tielu  of  the  Earth 
- (lane-parallel).  «ith  an  immobile  atmosphere  the  missile  trajectory 
in  this  gravitational  field  mill  he  plane  curve,  passing  in  vertical 
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place  of  fice.  Duriny  the  eclution  cf  problems,  fceyaently  is  applied 
the  system  of  equations,  written  ic  the  natural  coordinate  system.  i»e 
will  <pttain  it  from  system  (3.51),  after  d rcp/c>ittiny  the  terms, 
which  consider  the  effect  of  ccntrcl.  Cf  the  majority  of  the  unguided 
rockets,  force  vector  of  thrust  coincides  with  the  axis  cf  rccket, 
i. 1=0.  If  cue  considers  that  at  lew  angles  cf  attacx  sin  a?C,  cos 
a- 1 and  Y=C  aqd  to  add  usual  kinematic  relaticcship/ratios,  then  we 
will  gttain  the  unknown  system  of  equations,  which  describes  the 
■cticn  cf  the  center  of  mass  of  the  unguidec  rccket 


dv 


P — X . . d 0 

— = £ sin  8;  — = 

dt  m dt 


du  A dx  ,, 

— = i>sin8;  — — ii  cos  6. 
dt  dt 


g cos  » . 
* 

V 


(3.  75  i 


BCC  - 781,07 1Q6 


EAC£  fiJll 


Page  136. 


Kith  the  adopted  assumptions  force  vectors  of  thrust,  of  drag 
and  velocity  of  the  center  cf  mass  lie./rest  on  cne  straignt  line 
(fig-  3.4) . Figures  3.4  depicts  siiplified  diagram  of  the  forces, 
which  act  on  the  material  pcint  a,  which  ccjncices  with  the  center  of 
■ass  of  the  unguided  rccket.  The  displacemert  cf  the  center  of  mass 
relative  to  missile  hody  it  is  net  considered.  Cn  the  basis  of  Fig. 


3-4,  let  us  write 


da  _ P—X 
dt  m 


After  multiplying  and  after  dividing  tie  xiebt  side  cf  tae  eguation 


to  m0v,  we  will  obtain 


where 


~ = — (D-E^u. 

dt  u 


m . P zr  X 

(*•  = — ; D= — ; £= 

mn  /Rotr 


Usually  they  designate  tg6*p,  and  then 

dp  1 dti 

dt  cos3  6 dt 

Utilising  the  second  eguaticn  of  system  (3.75),  we  will  ootain 

dp  _ _ g_ 
dt  a 

a frem  the  third  eguaticn  of  system  3.75,  wt  will  obtain 

dy  , . cos  6 

— 2-  = v sin  6 — up. 

dt  cos  8 


toe 
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The  fourth  equation  of  systea  (3.75)  will  remain  without  change. 
We  will  finally  obtain  systea  of  eguaticqs  in  the  fora,  convenient 
for  the  practical  calculations  of  the  pcwerrd  fliyht  trajectories  of 
th«  uaguided  rochets 


da  1 , n r, 

—=  — (D—E)u; 

at  |jl 

dP  g_  . ^y__  dx  _ 

dt  a ' dt  dt  *" 


(3.  76) 


Prom  Fiy.  3.4  it  is  possible  also  to  cttair. 


du  (P—  X)  coa  e 
dt  m 

dw_  (P—X)  sin  8 
dt  m 


i 
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fig.  1.4.  Siaplified  diagraa  of  the  forces • which  act  on  the  aatecial 
{.cant*  which  coincides  with  the  center  of  «£ss  cf  the  unguided 
rocket. 


Page  137. 


Converting,  we  will  obtain  the  systea 


= (D  E)  ui  ~=—(D-E)w-f>i 

at  \l  at  p> 


Tt=w'  Tt=u'  ) 

§7.  Sj stems  of  equations  with  relative  diaersicpless  arguments. 


the  tendency  to  siaplify  the  solution  cf  the  problems  of 
external  ballistics  and  tc  wake  possible  an  application/use  of 
various  kinds  of  design  schedules,  which  rccuce  the  tine  of  solution. 
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led  tg  the  development  c f systeas  of  equations,  is  which  as 
independent  variables  aie  accepted  relative  diaeosionless  quantities. 


Act  us  give  the  systei  cf  equations  fer  describing  tne  aotion  of 
the  center  of  aass  of  the  unguided  rockets*  is  which  is  utilized  the 
independent  variable 


'■ — or-  ^'ol 

representing  by  itself  the  ratio  of  the  veicht  cf  the  burned  down 
fuel/fropellant  to  the  initial  weight  of  rocket.  Let  us  take  the 
first  equation  of  systea  (3.75),  algo,  go  the  basis  (2.95)  and 
(2^121)  let  us  replace  1 and  X.  Let  us  replies  also  taking  intc 


account  (J.78) 


dt=  dK. 

Qct  X 


(3.79) 


After  substitution  let  us  have 


darreqt  weight  of  the  rocket 


Qu- 


aver-all  payload  ratio  is  equal  to 


f <?««** 


£=,_JL__ 

Qo  Qo 


= 1_  = 


I 
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Vhe  ballistic  coefficient  of  rocket  it  i£  possible  to  express  by 


the  over-ell  pejload  ratio 

r— • — iff-  “22.  - ft 
<?  OoO-M  1-* 

where  c0-id*/Q0  10*. 


13.81) 


Page  138. 


Petr 

After  dividing  in  <3.8£)  the  right  aad  left  of  part  on  and 

after  substituting  into  the  last/latter  three  equations  of  systea 
(3.751  it  froa  (3.79),  »e  aill  obtain 


dv 

dX 

dd 

dX 


<?o  g cos  9 ' 

<?cen  V 


dx  _ Qo 
*1  <?«* 


v cos  6; 


dy_ 

dX 


-^2-  v sin  fl. 

<?c« 


i 


(3.82) 


Systea  is  applied  during  ballistic  design-  After  conducting  its 
integration,  it  is  possible  to  ascertain  that  first  tern  of  right 
part  gne  equation  rill  correspond  to  fcrnulc  of  K.  e.  Tsiolkovskiy 
for  detersinigg  the  velocity  of  the  aotion  cf  rccket  without  the 
account  of  the  air  resistacce  and  gravitational  force.  The  second 
tara  sill  consider  the  effect  of  air  resistance,  the  third  - a 
gravity  effect. 


for  the  guided  aissiles  the  systea  of  cguations  of  aotion  is 
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taken  in  a sonevhat  different  fora.  Sitb  ccrstact  flow  rate  per 
second  (jn)=  const)  fron  (3.20)  we  sill  obtain 

m = m#— | m\t. 


in  this  case*  the  over-all  payload  ratio  cf  the  rocket  is  equal 


Biaensioqless  quantity  p frequently  is  selected  as  independent 


variable. 


let  us  designate  To3*-j^r  and  the®  /=t#(1  — j*)-  Value  t»  has 

I * l 

dinensicnality  of  tine  (s)  and  in  called  ficti/tipus  tine.  Deteraining 
free  the  last/latter  equality 

dt=  —T^ffr 

and  carrying  out  replacenent  in  systen  (3.6C),  «e  will  obtain: 


dv  _ p—x 
df.  pmo 


v#+£T*sin9; 


— rt.sin  6;  -^-=  — or.  cos6. 

dp  w dp  T 


(3.83) 


It  is  obvious*  in  this  case  the  tilt  angle  aust  be  represented 
also  gn  arguaent  j u 0-dnp(n) 
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Fa-ge  139. 

Chajtat  IV 

BOflOa  OP  SOCKETS  BEEN  GUIDED  10  HCVING  TAFCE1S 

Jn  the  majority  of  the  cases  cf  tie  trajectory  of  induction,  1 

represent  by  themselves  ccajlex  space  carver,  fee  convenience  in  ] 

their  examination  it  is  expedient  to  break  intc  three  basic  sections.  j 

the  first  let  us  consider  the  launching  phase,  the  second  - the  \ 

4 

scctipn  of  ccqclusicn/deri vation  and  by  tte  third  - the  section  of 
notion  along  the  calculated  trajectory  of  reduction.  Figures  4.1 
shews  the  circuits  cf  trajectories  cf  induction  for  the  anti-tank 
guided  nissile  (PTUBS),  an  aircraft  rocket  and  the  AA  guided  sissile 
(XIB),  coqtrolled  cn  ray/bean. 

On  the  launching  p^ase  the  flight  nost  frequently  either 
unguided  or  is  realized  according  to  the  predetermined  program.  Of 
s.ome  types  of  rockets  c«  the  first  phase  of  flight,  vorks  the  special 
booster  eqgine,  sometimes  detached  after  the  end/lead  of  the  work 
(for  antiaircraft  guided  missiles). 


1 
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fig.  4.1.  The  schematic  of  the  trajectories  of  inductioo  for  PTUBS 
(a).,  an  aircraft  rocket  (b)  and  an  antiaircraft  guided  nissiie  (c) : 1 
- the  launching  phase;  2 - section  of  coi)clusioq/derivation;  3 - 
sectifn  of  induction. 


Page  140. 

On  the  second  section  enters  into  action  tie  control  systen  and 
rocket  it  is  derive/condudcd  to  the  trajectory,  which  corresponds  to 
the  selected  guidance  acthcd  tc  target/fur pcse. 

By  the  force  of  different  reascss  tonard  the  end  of  the 
launching  phase,  at  the  acncnt  of  the  ccqQcctic c/inclusion  of 
ccftrgl,  the  position  of  the  center  cf  nase  of  rocket  in  space,  the 
sfeose*  of  the  vector  of  speed  and  axis  cf  rccket  do  not  correspond  to 


I 
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the  enquired  trajectory  of  iaducticq  tc  tarcet/purpose.  For  exanple, 
as  shgwn  in  Fig.  4.1c,  tie  ccotrcl  qystea  if  included  at  point  C, 
wheq  the  center  of  nass  of  rocket  is  Located  at  a distance  Ar  fro* 
the  afis  of  lead  beaa,  and  the  velccity  vector  cf  the  center  of  nass 
with  approach  to  ray/beaa  is  directed  toward  it  at  angle  <?<-:  by  the 
sane,  approxiaately,  will  be  the  angle  cf  tie  slope  of  axis  of  rocket 
tc  lead  beaa. 

By  the  force  of  the  inertia  prepertiee  cf  rocket  and  systea  of 
rocket  coqtrcl,  energes  to  the  calculated  trajectory  of  induction 
after  certain  transient  prccess  whose  duration  deternines  the  length 
of  the  secticq  of  conclesion/deri vatioq  (section  2 in  Fig.  4.1),  that 
is  the  coaponent  part  of  the  conacn  trajectory. 

fhe  concrete/specific/actual  fora  of  tie  .third  phase  of 
trajectory,  section  of  the  inducticq  at  the  end  of  which  aust  be 
provided  the  encounter  of  rocket  with  target,  .is  deterained  by 
network  of  induction  accepted  to  the  target/pur pose  or  by  the 
guidaoce  aethod  which  characterizes  the  kicenatic  relation  between 
t-he  paraaeters  of  the  acticc  of  rocket  aqd  target/purpose. 

Ibe  differential  equations,  which  describe  the  notion  of  rocket 
ca  the  launching  phase,  depend  on  the  construction  of  rocket.  In  the 
case  9 f flight  according  1c  ptograa*  it  is  possible  to  use  systea  of 
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eguaticns  (3.60),  after  introducing  intc  it  the  appropriate 
programed  equations.  In  the  case  cf  the  unguided  flight  calculation 
can  be  conducted,  utilizing  a system  of  egactiers  (3.75)  . Initial 
conditions  are  determined  according  tc  the  predicted  circuit  of  the 
verk  ?f  the  complex  of  control  and  indnctic£.  fer  example,  during 
calculations  in  connection  with  the  circuit,  presented  in  Fig.  4.1c, 
it  is  necessary  to  know  the  possible  range  cf  angles  9 0 aqd  the 
velocity  of  the  descent  of  rocket  from  the  guides  v0.  As  a result  cf 
the  calculation  of  the  launching  phase,  sust  be  obtained  the 
characteristics  of  trajectory  up  tc  the  torgue/moment  of  the 
beginning  of  uork  the  systei  of  coptrcl,  necessary  for  the 
calculation  of  transient  prccess.  Sc,  in  the  eiamine/considered  by  us 
example  it  is  necessary  tc  know  possible  ranges  of  sizes  vc,  oc  and  A 


Ihe  second  trajectory  phase,  the  seciicn  cf  passage  from  the 
umgsided  flight  to  controlled,  must  be  calculated  with  the  enlistment 
of  the  methods  of  the  thecry  of  the  flight  control. 

Bet  us  return  to  as  example  in  gaesticr.  According  to  the 
circuit,  depicted  in  Fig.  4.1c,  the  control  sust  ensure  the  beam 
capture,  i.e.,  expand/develep  rocket  so  that  the  vector  v (or  the 
axis  ff  rocket)  would  coincide  with  the  direction  of  lead  beam, 
transient  process,  i.e.,  aqd  the  section  of  ccnclus ion/d er ivation. 
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Hill  be  finished  when  A and  • they  Mill  beccne  close  to  zero. 

Page  141. 

The  possible  character  cf  dependence  A(t)  a the  section  of 
coQclssioq/derivat ion  fer  tie  case  Mheai  * intersects  ray/bean,  it  is 
shenn  cn  Fig.  4.2;  qualitatively  the  sane  Mill  be  dependence  o (t) . 

• nder  actual  conditions  dependence  A(t)  and  • (t > tney  are  aore 
ccsplex,  since  vector  v and  lead  bean  it  the  geteral  case  ace  located 
in  different  planes. 

In  this  case*  the  dependence  A(t)  will  have  the  saae  character* 
as  shgan  op  oq  Fig.  4.2*  tut  the  trajectory  cf  the  center  of  aass  of 
r.ccket  Mill  represent  by  itself  no  lenger  plage*  but  space  curve. 
Ferfocaance  calculation  of  the  notice  cf  rccket  along  this  trajectory 
taking  into  account  the  variability  of  the  tass  of  rocket  and  rate  of 
its  notion  is  very  conplex.  At  the  sane  tine  during  veil  working 
control*  the  section  of  ccnclusion/derri*aticn  barely  affects  the 
subsegoent  trajectory  of  induction.  Therefore,  without  examining  here 
the  tasks  of  the  flight  ccntrcl*  it  is  possible  in  the  first  stages 
cf  design  the  second  trajectory  phase  >tc  represent  snooth  curve*  for 
exanple  in  the  fora  of  circular  arcs  with  the  radii,  determined  by 
the  peraissible  nocaal  accelerations  cf  rockets  With  ainiaun  target 
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raogei  the  calculation  cl  the  second  sccticc  should  be  carried  out 
■ere  accurately  with  the  fact  in  order  to  deck  the  possibility  of 
guiding  rocket  to  target. 

the  third  and  basic  trajectory  phase  - the  section  of  induction, 
it  is  depicted  in  Fig.  4.1  in  the  fern  cf  tie  saoothly  changing  in 
the  plane  of  drawing  curves;  in  actuality  ccder  the  effect  on  the 
rocket  of  all  forces  and  terque/aoaents,  its  action  on  the  section  of 
induction  bears  vibrational  three-diaensic pal  nature.  Axis  of  rccket 
oscillates  around  the  center  of  nass,  and  attc/sell-n  moves  over  the 
ccaplex  trajectory,  which  passes  closely  tbet  depicted  curve,  as  if 
winding  it.  of  rockets  with  the  well  working  systea  of  control  of 
cscillation/vibration,  they  are  ccaple<ted  sioothly,  with  sirall 
deviations  froa  th,e  calculated  trajectory  cl  action.  Therefore, 
exaaining  the  trajectories  of  induction,  we  in  this  section  will  not 
concern  the  effect  at  cscillatioa/ vibcatifics  cn  calculated 
trajectory. 

ire  well  known  lour  classes  oi  set  bods  ol  guidances,  which  are 
distisguished  by  the  pataaeters  cn  which  are  placed  the  limitations, 
which  deteraine  the  aotion  cf  the  rccket  during  its  approach  for 
tax get/purpose. 
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Pig.  1.2.  Graph/diagraa  of  dependence  Aft)  the  process  of  transition 
fxcm  the  unguided  phase  of  flight  to  ccntrcllcd. 


Page  142. 

With  the  command  methods  of  pcsiticn  centre!,  of  target/purpose 
and  rgcket  in  space  is  determined  relative  tc  guidance  station.  In 
the  general  case  line  "guidance  statics  - target/purpose"  and  line 
"guidance  station  - rocket"  they  do  not  coincide.  The  position  of 
each  of  the  lines  in  space  is  deteraincd  ty  tec  angles,  lne  first 
class  cf  guidance  methods,  which  sets  limitations  on  those  angles,  i 
called  the  class  of  angular  methods.  In  the  particular  case  when 
angles  coincide,  the  rocket  during  approach  fox  target /pur  pose  will 
he  located  on  straight  line  "guidance  station  - target/pur  pose".  T hi 
variety  of  angular  method  calls  the  netbod  cf  ccincidence. 


The  second  class  covers  methods  of  guidances  which  set 


1 


F i€£ 

limitations  oq  the  position  of  longitudinal  axis  of  flight  vehicle 
relative  to  the  line  of  sighting  (line,  passing  through  the  centers 
of  aa*s  of  target/purpose  and  of  rocket),  lie  third  class  of  guidance 
methods  liaits  the  sense  of  the  vector  cf  tie  velocity  or  the  center 
of  mass  of  rocket  relative  to  the  line  cf  sighting.  In  the  methods  of 
the  fQcrth  class,  they  are  (laced  liaitaticis  cp  the  positron  of  the 
very  line  of  sighting  it  space. 

§1r  Gaidance  Methods  tc  the  driving/neving  target/purpose. 

1.  1.  ingular  guidance  aethed. 

The  method  of  firing  into  set  forward  point  is  the  basic  method 
of  the  firing  of  cannon-type  artillery  at  the  rapidly  moved 
target/purposes  and  detailed.  As  is  known,  the  position  of  set 
forward  point  is  selected  sc  that  fer  the  time  cf  the  motion  to  it  of 
j projectile  target/purpose  also  would  neve  irtc  set  forward  point  (cr 

i into  collision  pointy). 

I 

Jf  we  designate  tjizcagfc  en  and  the  angles  of  sighting  and 

rocket,  hut  through  A„  and  Ap  - their  aciauthe,  then 

ccaaunication/conqection  between  argles  will  le  determined,  from  Fig. 

h. 3,  ty  the  staple  equalities 

Ap=Au4-AApi  (4.  1) 

«p=i.  + AV  (4.2) 

* 

•-i 

- j 
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In  the  process  of  guidance*  the  lead  angles  Ae,,  and  AAP  ace 
alter eating/ variable.  is  kncwn  iaoj  forxules,  cn  which  ace  assigned 
t.h«  lead  argles.  In  general  tori  functicqal  dependences  can  be 
expressed  thus: 

A5p=/i(r«,  rf,  r„rp,  e„,  Au,  a„ )*,j  (4.3) 

A Ap=  f ^ l rB»  Tp,  ru,  Tp,  cB,  An,  a j,  ... ), J 

where  ru  ao<i  rv  a distance  (radii)  cf  target/purpose  and  rccket 
fees  the  beginning  of  the  ccordinate  systea. 


fa,  - rat#  of  change  of  the  values  cf  radii  into  the  process 

cf  guidance. 


au  b|,  a2,  b2  and  so  forth  - constant  values,  character ist ic 
fee  this  ccntrol  system. 


Cage  J43. 


the  concrete/specific/ sctual  tors  of  functional  dependence  is 
established  during  the  design  cf  entire  aissile  coaplex.  Here  it  is 
possible  to  indicate  two  ccanop/gereral/total  reguiresent.  The 
direction  of  the  notion  of  rocket  aust  ke  clanged  snootnly,  with  the 


possible  approach/apprcxiaa ticn  of  trajectciy  tc  rectilinear.  It  is 
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lcgical  also  that  the  value  of  current  angle-offs  Aep  and  AAP,  as  far 
as  possibility,  they  aust  decrease  ia  tfae  process  of  guidance,  and 
*h*a  ru=rv  aast  be  aadc  ccrditioa  Aep=AAp  = 0.  ether  vise  the  rocket 
«ill  fly  aide  of  the  aark. 

1.2.  Guidance  using  the  matching  method. 

In  guidance  using  the  matching  method,  the  control  system  holds 
the  missile  on  a straight  line  connecting  the  guidance  station  with 
the  target.  As  a result  of  this,  it  is  somethlmes  said  that  the 
missile  is  guided  by  the  target-bracketing  method  and  the  guidance 
trajectory  is  called  a three-point  curve.  The  graphical  method  for 
constructing  a plane  three-point  curve  is  explained  by  Pig.  h.h.  The 
target's  position  is  noted  on  its  trajectory  0,  1,  2,  3,  . ..,  which 
correspoind  to  the  successive  time  values  tQ,  t^,  t2,.... 


Fig.  1.3.  The  position  of  sur£ace-tc-a  ii  nissile  and  targe t/purpose 
before  the  rendezvous:  (J)  - horizontal  place;  *»  - angle  of 
sighting;  v - angle  of  elevation  of  rocket;  a„  - aziauth  of 
target/ purpose;  V - nissile  hearing. 

Key:  11).  Collision  point.  <(2) . Worth. 

Page  lUUm 

It  very  guidance  station  is  acted  (for  exaaple,  with  missile 
targeting  frea  ship  or  aircraft)*  then  in  its  trajectory  will  be  also 
deposited  narks  by  0*  1*  2*  3,  ...  for  the  sane  selected  nenents  of 
tine.  Harks  in  the  trajectories  of  the  notion  cf  target/purpose  and 
guidance  station*  which  correspond  tc  the  icentical  nonents  of  tine. 


are  connected  by  straight  lines-  In  the  particular  case,  with  fixed 
guidance  station,  let  us  have  the  convergent  at  the  point  of  its 
arrangeneQt/pesiticn  pencil  cf  straight  lihes  (see  Fig.  HH).  on  one 
cf  the  straight  lipes  by  paint  P0  they  note  the  position  of  rocket, 
which  corresponds  to  the  beginning  cf  the  trajectory  of  the  guidance 
(for  the  determination  cf  this  pcift  cne  should  focus  special 
attention,  if  the  place  of  fissile  takeoff  is  arrange/ located  at 
considerable  renov al/distaijce  frca  guidance  station  and  then  it  is 
not  possible  to  accept  cctbined).  frca  the  teginning  of  the 
trajectory  of  guidance  E0,  is  carried  out  the  arc  with  a radius  cf 
£poA;0  before  intersection  with  following  line  at  point  Pt , which 
abows  the  place  where  will  he  located  the  rcckct  with  t - tt. 

Then  siailar  cons truot ion  is  aade  froa  pci$t  P j , determining 
pcint  (j,  and  continue  it  before  the  intersection  of  the  trajectories 
of  target/ purpose  and  rcckct. 
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Fig.  4.4.  Approxiaate  construction  of  aissiie  .trajectory,  aiaed  using 
t be  ««thcd  of  coincidence. 

Kej:  il).  Missile  trajectory.  ( 2 ).  Irajectciy  cf  target/purpose.  (3). 
Start*.  (4).  Guidance  statics. 


Fage  145. 

Caring  the  definition  of  displacements  PjP«.i  tie  average  speed  of 


1 


t 

1 

* 

|i 
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rocket  on  section  can  be  undertaken  as 


where  -v,  and  - velocity  of  racket  if  the  beginning  and 

ced/lead  of  the  trajectory  phase  ic  question. 

Corresponding  to  the  section  of  construction  tiae  interval 

A<<  -/(+!—<.■ 


lithin  liait,  accepting  At  that  vanishing  and  increasing  the 
rushes  of  sections  to  infinity*  it  is  possible  troken  line  to  reduce 
to  sageth  curve  of  guidance.  Apprc aiiated , kith  a sufficient  for 
practice  degree  of  accuracy , guidance  curve  can  be  constructed  as 
curve*  passing  through  the  angles  cf  ticker  line,  constructed  fer  an 
interval  At$1  s.  During  a siccth  change  in  the  aotion  characteristics 
cf  target/ pur pose  and  during  large  reaoval/cistance  of  rocket  from 
target/purpose,  it  is  possitle  to  take  Ato-1  s. 

Buring  the  approacb/approxiaaticn  cf  tic  rocket  to 
taeget/purpose  and  during  tie  ccnstructioa  cf  the  trajectory  of 
guidance  to  the  sharply  aaneuvering  target  it  one  shculd  decrease, 
s;Loce  in  this  case  gross  the  slope/transccccuctance  of  aissile 
trajectory,  leading  to  0.1  s.  The  applicability  cf  the  graphic  aethod 
of  the  construction  of  trajectory  is  lisitca  tc  the  need  for  having 
previously  designed  dependence  of  the  velocity  cf  rocket  on  tiae  cp(f) . 


k 


A 


it  each  lOMQt  of  tiaef  as  it  tclicHs  irca  Fig.  4.4,  the 
velocity  vector  of  rochet  is  directed  tc  the  side  of  the  expected 
collision  poiqt  of  rocket  fer  target/purposc  at  certain  angle  tc  the 
radius** vector,  passing  through  the  guidance  station,  the  center  cf 
•ass  gf  rocket  and  the  tar get/purpese.  Is  cltained  guidance  uith 
certain  lead  angle,  the  liqc  of  sighting  cciprising  the  part  of  the 
radius  of  the  vector,  uhich  rotates  during  the  action  of 
target/purpose  and  rocket  around  the  point  an  ahich  is 
acrange/located  the  guidance  staticq. 

let  us  determine  the  value  of  leac  angle  aP.  Let  us  assuse,  for 
kafinitesiaal  tine  interval  dt  tar get/parpese  aill  nova  froa  position 
cf  a tc  position  of  b (Fig,  4.5).  Iq  this  case,  the  radius-vector 
•ill  turn  itself  to  angle  d},  and  rocket  vill  aeve  fro*  positicc  a' 
to  position  t*.  On  the  tasis  of  Fig.  4.5,  *ith  high  degree  of 
accuracy  it  iff  possible  tc  arite  that 

sina.  = — end  sin  ap=  - c . 

* Va<ft  Vprff 


uhile  ratio 

W rf  + drf  ^ rv 

fc  r,  + rfr,  r„ 

Heqce 

sin  a.*  — --  sin  a,.  (4. 5) 

«p  ru  , 


( 
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*^9-  *-5.  Schematic  off  construction  cf  angles  cf  curve  of 
coincidence. 
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fig.  6.6.  Circuits  of  guidance  with  crien-taticn  of  axis  of  rocket 
relative  to  line  of  sighting:  a)  at  angle  ci  tearing  of  target 
»,-nn>t:  6)  at  angle  of  tearing  of  target  ap-o  (direct/straight 

guidance) . 
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1.3.  guidance  with  the  criantation  cf  axis  cf  rocket. 


ter  honiqg  nissiles  is  known  the  «ce  cf  a guidance  method  with 
the  constant  angle  of  tic  bearing  cf  target  and  aethod  of 
direct/stcaight  guidance  (Fig.  4.6).  la  the  first  case  in  the  process 
of  the  approach  of  rocket  for  targe t/pu rpose , .rust  be  retained 
constant  angle  ft>  (angle  ef  the  target  bearing)  between  the  axis  of 
racket  and  the  lino  of  sighting.  Zt  is  obvious  that  the  velocity 
vector  of  target/parpose  in  the  ge fetal  case  will  not  coincide  with 
the  direction  of  the  lino  of  sighting,  tut  lissile  body  will  be 
always  bored  relatively  />  in  the  directicr  of  the  notion  of 
targe t/pur pose.  The  angle  of  bearing  shcald  select  siailar  so  that 
the  valccity  vector  of  the  center  cf  aass  »cf  rocket  would  be  directed 
tc  set  forward  point  B before  the  target/pvipese  (see  Fig.  4.6a). 

Rith  a he  aethod  of  direct/straight  guidance,  which  is  a special  case 
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of  guidance  method  with  the  constant  angle  of  the  target  bearing,  the 
angle  of  bearing  8P-=o,  and  the  axis  of  the  rocket  is  directed  along  the 
line  of  sighting  (see  Pig.  4.6b),  In  this  case,  the  velocity  veetor  of  the 
ceptes  of  ease  of  the  rocket  is  directed  tc  foist  C,  arrange/located 
behind  the  driving/aovitg  target/p  expose.  Ilia  leads  to  the  increased 
slope/t caqsconduct ance  cftfce  trajectory  of  guidance  and  the 
increased  nocaal  accelerations,  which  act  ct  rocket.  Therefore  aethed 
is  applied  for  guidance  to  ccrpacati ve ly  slew  and  fixed  targets. 


1.0.  Cuidance  with  the  orientation  of  the  velocity  vector  of  the 
center  cf  aass  of  rocket. 


This  class  includes  the  najority  of  aetbods  of  guidances,  by 
which  is  assigned  the  law  of  a change  ip  tie  lead  angle  a,„  between 
the  velocity  vector  and  the  line  of  sighting.  lead  angle  can  be  the 
function  of  aaoy  values  - see  forau las  (4.3). 


let  us  ezaaine  the  kinenatics  cf  the  action  of  target/purpose 
and  rocket  on  the  last/latter  section  of  the  path  before  their 
rendeivous  with  guidance.  let  us  ccpsider  that  the  target/purpose  and 
rocket  wove  in  one  plane  - guidance  plane. 


The  relative  attitude  cf  rocket  and  tar get/ pur pose  let  us 
deteraine  by  distance  of  r and  by  two  apgles  aB  and  <xp  between  the 
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instantaneous  velocity  vectors  of  rocket  arc  target/purpose  and  the 
line  ft  sighting,  which  ccircides  tith  r (fig.  4.7).  Angle  ap 
determines  advance/preventicn.  Fee  orienting  the  line  of  the  sighting 
cf  relatively  fixed  coordinate  systca,  let  is  irtroduce,  as  earlier, 
angle  y let  us  designate  the  angle  cf  the  slope  of  the  velocity 
vector  of  rocket  apd  hosiscstal  line  Fx,  which  lies  at  guidance 
plane*  through  <r=Y+ap- 

So  that  hhe  rocket  and  the  target/purpese  would  be  net,  it  is 
necessary  to  ensure  the  idertical  tiie  cf  tie  action  of  rochet  tp 
and  of  target/purpqse  <n  fcos  starting  points  to  collision  point  B 

t,=tu. 

Page  148. 


Aet  target  spgeds  and  of  socket  i'P  tc  collision  point  do 
not  change;  then  during  rectilinear  aotioa  cf  target/purpose  ard 
rocket  (see  Fig.  4.7)  we  ottain 


and 


PBsin  ap=L(B  sin  a„; 
rpsin  ap=t’„sin  aB. 


(4.6)  i 


■quality  (4.6)  is  called  the  ccoditioj  of  the  ideal 
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advance/prevention  duritg  accomplishing  of  which  is  provided  the 
cagdelvous  of  rocket  anc  t arcet/p ui test , if  they  will  move  to 
collision  point  rectilinear  with  ccqstant  velocities.  Lead  angle  will 
te  determined  fros  the  equality 

sinap  = — sin  a„.  (4.7) 

*’v 

luring  the  curvilinear  motion  of  tar get/purpese  or  change  in  the 
velocities  of  the  aoticn  of  target/purpese  and  rocket,  the  position 
cf  collision  point  will  always  change.  In  this  case  condition  (4.6) 
aust  answer  the  various  acients  cf  time  of  guidance.  For  the 
determination  of  the  changing  is  process  gmidamce  of  lead  angle  a,, 
it  is  must,  besides  and  vP,  to  know  angle  a„  The  examined  method 

was  called  the  eat  bed  cf  consecutive  ad  waace/pre  ventions. 


A change  in  the  distarce  between  the  rccket  and  the 
target/purpose  for  infinitesimal  time  interval  is  equal  to  a 
difference  in  the  project ices  cf  speeds  va  ajd  vp  on  direction  r 

— = vu  cos  a„  — v„  cos  ap.  |4.  8i 

for  the  approach  of  rccket  fox  target/purpese,  it  is  necessary 
te  maintain  the  inequality 

^<0. 

dt 

late  of  change  in  the  cngle  j will  lie  equal  to 


dt  v,  sin  a,  — vp  tin  Op 


1 


ccc 
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fig.  1.7.  Schematic  of  the  angles,  which  determine  the  relative 
jpsiticn  of  rocket  and  target/purpese. 
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fhe  normal  accelerations  of  tarcet/puifcse  and  roccet  are 
determined  by  the  products  cl  the  ccrr espc ncinc  tangential  and 
angular  velocities 


[<iau  , </•)■  \ 

rfJ’ 

/ ^ , 


■ 4.  10 1 

■4.  Il- 


ls kqown  the  particular  case  of  the  method  of  consecutive 
ad vance/preveptions,  the  so-called  method  ct  the  half  approach  by 
which  the  lead  angle  is  taken  as  egual  to  cce-half  angle,  which 
cprresponds  to  the  condition  of  the  ideal  ec vacce/preventicn: 


a„=  — arc  sin  (— sinaJ. 

K 2 ' i'p 


\4.  12) 


to  this  sane  the  class  ot  the  methods,  united  by  the 
sigc/criteiioi)  of  the  orientation  cf  the  velocity  vector  of  the 
center  of  mass  of  rocket  relative  tc  the  lipe  cf  sighting,  one  should 
relate  a method  of  guidance  with  fixed-lead  angle  u,,  = const  and  its 
special  case,  called  the  Stearn-Chase  nethcc  when  »,,  = o. 


According  to  the  prirciple  of  the  (lotting  of  curves  pursuit  at 
each  icient  of  time,  the  velocity  vector  of  the  center  of  mass  of 
rocket  Bust  be  directed  tcward  tarcet/purpcse,  i.e.,  is  realized 
guidance  with  the  zero  angle  of  ad varce/pre mention. 

Kith  the  known  characteristics  cf  the  trajectory  of  the  motion 
cf  target/putpose,  graphic  construction  of  sissile  trajectory  is  net 
caused  work  (Fig.  4.8).  1c  the  trajectory  cf  target/purpose,  will  be 
depcs^ted  its  positions  (0,  1,  2,  3,  ...),  vhich  correspond  to  the 
consecutive  values  of  time  t0,  tl#  t2,  . Cn  the  initial  line  cf 

sighting,  they  plot/depcsit  in  direction  ii  target/purpose  cut  p0P,. 
equal  to  PPo-Vo.  where  dt=tt-t0,  and  ?,*)  - is  determined  from  forvula 
(**-4), 

the  obtained  point  Pi  determines  the  place,  occupied  by  rocket 
at  the  moment  of  tine  tt.  then  similar  construction  is  repeated 
befere  obtaining  of  the  intersectic q of  the  missile  trajectories  and 
tar get/pur pose. 

Mith  high  plotting  scale  and  lew  time  intervals  M.  with  the 
large  number  of  points,  the  curve  can  be  ccistrected  with  the 
accuracy,  sufficient  for  the  scluticn  cf  sere  practical  problems.  For 


I 

I 
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the  aethod  of  pursuit  guidance,  the  angle  * is  deterained  froa  the 
kifeaatic  dependence 

tR?  = • 

jr„—  xr 

In  certain  cases  tc  acre  expedient  utilize  the  trajectories  of 
guidance,  constructed  in  relative  action*  let  us  exaaine  an  exanple 
cf  the  construction  of  linear  curved  in  the  coordinate  systea, 
connected  with  tar  get/per pere. 


Path  in  relative  aoveaent  fcr  tiae  interval  dt  is  located  froa  vector 
egeal|tj  v0rndt  = rrdt  —vadt,  written  cc  the  assuaption  that  Cor  time 

dtf ,,  and  ru  they  do  not  change. 


Iranaf er/converting  to  final  loa  cots,  frca  the  initial  position 
cf  rochet  P0,  let  us  cccstxuct  vector  *>poA<0  in  direction  in 
target/purp ose  (Pig.  4.8).  Froa  the  texainue  ol  this  vector,  we 
fJ*et/depoait  vector  rn,>M.-,  in  the  direction,  opposite  to  direction 
ia  absolute  aotion.  End  line,  obviously,  will  he  vm„At0. 

Ccatiauing  the  construction  to  the  encounter  ct  rochet  with  target 
and  connecting  points  f€,  t,,  iz,  ...  saootl  curved,  we  will  obtain 
the  fgra  of  the  wh,ich  interests  us  trajectory.  In  Fig.  4.9  is  well 
visible  sharp  passage  froa  saootb  pursuit  curve  to  rectilinear  action 
into  the  tail  of  target/pur (cse. 


1.5.  Suidance  with  the  criertation  cf  the  line  cf  sighting. 


If  we  use  the  condition  of  ideal  advance/prevention  tc  forvula 
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(4.9)4  than  he  will  obtain  c»/dt=0,  and  tkhis  neans  that  in  the 
process  of  guidance  the  lint  of  sighting  will  he  noted,  remaining 
parallel  to  itself.  This  acthcd  of  guidance  with  advance/prevention 
na£  celled  the  aethed  of  the  constant-fear  ire  approach.  During 

\ 

rectilinear  notion  of  target/purpose,  the  rcclet  till  fly  along 
straight  line.  In  sore  general  case  cf  the  curvilinear  notion  of 

tar get/ pur pose  and  the  parallel  displacenent  of  the  line  of  sighting,  i 

the  lead  angle  op  cannot  renain  constant,  fut  it  nust  change 

depending  on  n change  in  aggie  a„  taking  irto  account  the  ; 

variability  of  angle,  this  aethod  of  gnidagee  senetines  also  calls  j 

the  aethod  of  consecutive  advance/ prove ptic ts.  Kith  the  known 
characteristics  of  the  trajectory  cf  tte  acticx  of  target/purpose, 
approximate  graphic  construction  cf  sissile  trajectory  difficulties 
is  nof  caused.  The  net  hod  cl  cons t ruction  is  shewn  on  Fig.  4.10. 

T.c  the  trajectory  of  the  notion  of  tarcetj/prrpcse,  will  be  deposited  | 

j 

its  positions;  0,  1,  2,  5,  ...,  that  correspond  to  the  values  of  j 

flight  tine  t0,  t, , t2;  frci  each  point  arc  conducted  the 

direct/straight,  parallel  to  initial  direction  lines  of  sighting.  Cn 

the  initial  line  of  sighting,  will  he  deposited  the  position  of  the 

cegtes  of  mass  of  rocket  (point  P0),  and  free  it  on  the  following 

line  gf  sighting  by  coapass  is  aadc  cut,  giving  in  the  point  of 

intersection  point  Pt;  they  siiiiar  constructions  are  repeated  Iron 

pcicts  F|,  P2  and  so  forth*  Opening  of  coapasscs  for  each  space  cf 

constcuction  is  established  on  the  tasis  of  the  conditions 

I j 
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Construction  continues  before  the  iqfeersection  of  the 
trajectories  of  tear  get/ pucp tee  and  rocket  it  collision  point  v. 
average  speed  ep(  of  rocket  on  each  of  the  sections  can  he  defined  as 
half-sun  of  the  velocities  in  the  beginning  and  end/lead  of  the 
section  iq  question. 


Cage  152. 


let  us  examine  one  additional  aethod  cl  guidance  to 
target/purpose  at  the  altercate  angle  cf  ad »anc«/prevention  op,  by 
the  determined  any  predetermined  dependence.  Is  widely  known  the  use 
as  th^s  liaitation  of  a liqear  dependence  between  the  angular  cate  of 
r.ctaticn  of  the  velccit)  vector  of  the  center  cf  nass  of  rocket  and 
the  aogulat  cate  ot  rotation  or  the  line  of  the  sighting  of  the  form 


i/-f 

— — a — 

Jt  lit 


i4.  i 3 1 


this  aethod  qf  guidance  to  tar get/pu r jese  was  called  the  aethod 
cf  proportional  approach.  Utilizing  eguaticr  , we  will  obtain 


dy  vu  sin  a„  — Vp  sin  a(l 

— = a 

dt  r 


(4.  14  > 


Pica  Pig.  6.7  f=-ap-Y-  then 


— ^ i»u  sin  — Vp  sin  Op 

d7~iCl  r 


(4.  15) 


Fig.  4.10.*  Approximate  construction  of  missile  trajectory,  aiaed 
according  to  parallel  apptcach  method. 

Key:  / 1)  . Trajectory  of  target/pur |cse.  (2).  Missile  trajectory. 

§2.  Three- dimensional/* face  guidance  tc  the  dri ving/moving 
tar  ge|/ pur  pose. 

At  variable  speed  cf  tie  flight  cf  target/purpose  under 
conditions  of  its  Maneuvering,  the  sismile  trajectory  will  be  space 
curve*  The  system  of  eguaticns,  which  describes  the  spatial  motion  of 
rpcket,  can  be  comprised  in  starting  rectangular  coordinate  system 
Cjxjx  and  in  the  starting  polar  system  r,  «.  A {see  Fig.  2.2).  The 


place  of  start  can  be  fixed  or  that  icviag  (ship,  aircraft,  etc.). 


tag*  153. 

le  will  obtain  first  the  system  of  egueticns,  which  describes 
tie  three- diaensional/s face  nissile  targetirg  tc  the  dri ving/moving 
targeft/purp ose  in  the  rectangular  terrestrial  starting  coordinate 
systea.  The  systen  of  eguaticns  of  the  spatial  notion  of  rocket  in 
the  general  case  will  consist  cf  seventeen  fundamental  equations 
(3.7)- (3.  12)  , (3. 1 4)- (3.24)  . Supplesentar y equations  tor  deteraininq 
cf  control  forces  V>pl,  VZ,*  and  tU  scncnts  of  control 

forces  ^ Mv*\'  ^ entering  equations  (3.7)- (3. 1 2) , must  be 

ccsprieed  in  accordance  with  guidance  sethcc  and  consider  the 
dependence  of  forces  and  tcigue/ncnentn  os  the  notion  characteristics 
of  target/purpose,  in  this  ccnpletc  fern  the  systen  of  equations 
proves  to  be  very  conplex  ard  in  engineering  practice  is  simplified. 

let  us  take  the  systen,  which  consists  of  eguations 
(3.  143- (3.  24)  and  sinplified  equations  (3.33)  and  (3.34) 


T 
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t>==  — (P  cos  a cos  p — X — Q sin  64; 

m 

& — — [A'tsin  a cos  yc  - cos  a sin  fJ  sin  yc  - cos  yc~ 

mv 

— Z sin  yc  — Q cos  6]; 

4’  = [P  isin  a sin  yc  — cos  a sin  pcosyc)4* 

mv  cos  8 

4 V sin  \c  4 Z cos  yc]; 

Jx,  *x,  = V.WXl  — (Jtl— 

j y,  mV<  Mj,|  — [Jx,  J z , ) 

Jtx  <•*,  = V Mz,—{JU,  — Jx,)v>x,*y,l 

sin  y 4 u>!t  cos  y; 

i=  — - — (u>„  cosy  — «»,,  sin  y); 
cos  ft 

y— iBj,  — tpr  *»  («»„,  cos  y — «>,,  sin  y); 
sin  8= sin  8 cos  a cos  p4  cos  8 ( sin  a cos  yc  — 


4-cos  o sin  Psin  yc); 

sin  t)»  cos  y = sin  W cos  p cos  yc  4 cos  W (sin  3 cos  6 

4 sin  yc  sin  6 cos  pi  — cos  <f*  sin  8 sin  y; 
cos  Osin  y=sin  yc  cos  p cos  0 — sin  psinfl; 
x ==s  v cos  8 cos  V; 
y=wsin  8; 

2=  —v  cos  8 sin  ^T; 

r=V‘jc,4^4c,i 


m 


m. 


4- 


i4.  16) 


i 
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jn  the  written  fore  the  systee  is  locked  and  it  is  suitable  fee 
the  calculation  of  the  trajectory  (bases  deiiqg  the  unguiled  flight 
(iq  the  systeas  of  egnatic^s  of  eoticn  J4.1f-4.23)  of  all  eoticn 
characteristics  of  rocket  index  "r”«  which  was  fceing  applied  in  §1, 


it  is  lowered) . 


iH!>^iUJipijjU|ii|gH 
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In  connection  with  the  trajectories  ol  the  guidance  x n a series 
cf  the  cases,  is  utilized  spherical  ccordirates,  in  which  directly  is 
deterained  slant  range  tc  rccket  r (see  Rig.  2.2).  For  the  writing  of 
kineahtic  equations  in  spherical  sy$tea,  wc  utilize  conclusion  cf  A. 
A.  Lebedev  [36J.  Let  us  exasine  twe  systeas  cf  rectilinear 
coordinates  - terrestrial  Cxyz  and  actile  0'x*]*z'  whose  axes  reaain 
parallel  to  the  axes  of  the  first  syster  it  the  process  cf  action 
(fig.  4.11).  The  point  with  which  coincides  the  center  ot  mass  of 
rocket,  let  us  designate  E ; its  pcsiticp  it  aeviny  coordinate  system 
will  be  deterained  by  a radius  by  tie  vector 

70,=op_  o6'. 

lif ferentiatijig  vector  equality,  we  sill  obtain 

r0.  = v — vv , (4.17) 

where  1 - a velocity  vector  of  the  center  cl  aass  of  rocket; 

v0  - velocity  vectcr  cf  the  beginning  cf  aeving  coordinate 

syatea  O'. 

kith  vo=0,  r0=r,  r = v.  He  plan  last/lattcr  equality  to  the  spherical 
coordinate  axes: 

v,  — r ; v,  = n;  ■PA  = rAcose. 


the  projections  of  velccity  vector  oa  the  axis  of  earth-based 
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cc crd&nate  system  Mill  be  determined  fcy  foriulas  (2.4).  Using  the 
table  of  the  cosines  of  the  angles  between  tte  axes  of  the 
terrestrial  rectangular  coordinate  system  atd  spherical  coordinates 
(see  table  2. 1) , we  will  obtain 

r — v (cos  0 cos  V cos  e cos  A -}-sin  0 sin  e — cos  0 sin  T cos  e sin  A); 
rz  = v(  — cos  0 cos  *F  sin  e cos  A-)-  sin  0 cos  * -f- cos  ® s*n  'Psinesin  A); 
rA  cos  e = — i>(cos  0 cos  sin  A-f-cos  0 sin  V cos  A). 

After  transformations  te  will  ettain  tte  following  Kinematic 
eqaatiens 


r — tcos  0 cosi4r  A i cos  s — sin  0 sin  e; 
rz  — — v cos  0 cos  (4‘  A i sin  -.~v  sin  0 cos  s; 
r A cos  $ — — u cos  0 sin  ( T — A 


•irV 


v 


Jiiuip.iiyiiiu.ip.ijiiiiji 
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fig.  4.11.  Schematic  of  the  relative  position  cf  fixed  coordinate 
systea  Qxyz  and  of  aobile  systea  0*x*y*2*. 
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He  focus  reader's  attention  to  scac  difficulties,  appearing 
during  use  in  the  calculations  of  equations  (4.18)  and  connected  with 
the  reading  of  angles  'P  and  A.  According  tc  the  rule  of  mechanics 
the  p9sitive  value  cf  angle  it  ic  accepted  tc  count  off  in 
direction  against  the  notion  of  hour  hand.  At  the  same  tine  aziauth  A 
is  usually  reckoned  on  the  notion  of  hour  hoed  from  direction  in 
narthy  If  we  accept  for  ac  aziauth  the  reading  cf  angles  in  the 
direction,  opposite  to  the  aoticn  cf  hour  band,  i-e«,  in  the 
direction  of  the  axis  t*J  Fig.  2.2,  then  in  eguations  (4.18)  it  is 
necessary  to  replace 


o’* 


(•F  — A)  Ha  |¥--(-A.i]  = iT-A.) 


***•  ■ • 
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A Ha  — , 

</; 


- A.  i = — 
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Becall  that  the  obtained  system  corresponds  to  the  fixed  origin 
of  coordinates  O'.  During  tie  ictic?  of  the  origin  cf  coordinates 
with  a a cate  of  of  v0  kirexatic  equations  he  «ill  obtain,  after 
deaigeing  vector  equality  (4.17)  or  the  spherical  cccrdrante  axis 
[*]•  [e]  and  [ jg 


r0'  = v cos  8 cos  (S'  — A,)cos  £ -v  sin  6 sin  s — 

— Vo-  cos 80.  cos (IV  — A.)  cos  e—  Do-  sin  80'  sin  s; 
r0-i=  — v cos  6 cos  ( *1"  — A.)  sin  t-i-v  sin  Scoss-f 
— ®o-  cos8o  cos  i 'To  — A.)  sin  i — v0-  sin  8rr  cos  s; 
rn-A. cose  — d cos 8 sin  (f  — A. I—  v#  cos 80-  sin(<Fo>  — A. 


' i4.  Idi 


fiq  uations  (4.18)  ard  (4.19)  are  conveniently  applied  in  the 
implementation  of  the  remote  control  of  guicance  of  rocket  in 
accordance  with  fixed  ard  xebile  cf  guidance  stations  [3]. 


Bcr  obtaining  the  kineaatic  equations,  which  describe  relative 
action  of  target/purpose  a?d  rocket,  the  beginning  of  aoving 
coordinate  systea  is  placed  to  the  center  of  aass  of  rocket.  Distance 
between  centers  of  the  aasses  of  rccket  0*  (B)  and  target/purposes 

(Is)  9n  the  line  o,f  sighting  let  us  designate  through  r0 ' (Fig.  4.  12) 

70.=OLi  — OP. 


tjiferentiating,  «<  will  obtain 


fv  — v „ — v. 


(4.20) 
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l«t  u£  design  last/latter  equality  os  the  spherical  coord iante 
axis  Qr  ]#  [f]  and  [ AJ  whose  beginning  let  us  place  to  the  center  of 

■ass  ff  the  target/purpcse 

Ar  — 7',,  COS  0U  COS  — A.ICOS  £ i-  vu  sin  Ousin  £ — 

— v cos  8 cos  (4‘  — A. ) cos  £ — t*sin  8 sin  s; 

rw s — —vm cos  8U cos  — A.) sin  s - nusin  8ucos  s • 

— v cos  8 cos  i<T  — A.  i sin  =.  — t»sjn  8 cos  e; 
n.A- cos  vn  cos  6„  sin  {V'tt~A.)  — vcos6sin(V'—A.) 

1 he  obtained  equations  are  utilized  duriqg  the  trajectory  calculation 
cf  rockets  with  honiny/se If -induct icn. 

During  the  writing  of  the  coiBcn/ceqer al/tctal  system,  which 
describes  the  notion  of  rocket,  kirenatic  equations  are  selected 
depending  cn  the  principle,  placed  as  <the  basis  of  the  flight 
control.  Let  us  write  ccanc c/gener al/tctal  system  of  equations,  after 
using  simplified  systen  (4.16)  and  after  replacing  in  it  the 
ki«nenatic  equations 

x — v cos  8 cos  *T;  c-  — rcosSsin  <lr 

and 


i 


y—  r>sin 


1 


by  three  kinematic  equations,  obtained  in  tie  spherical  system  o£ 
coordinates  [r],  [e]  and  [ and  by  these  corresponding  the  fixed 

guidance  station,  cembired  kith  the  origin  cf  coordinates  (i.e.  with 
r» *=ri . First  nine  and  the  last/latter  three  equations  or  system 
(4.16£  mill  remain  without  the  change 


v=-—(fJ  cosacosp  — X — Q sin  6); 

m 

6 — ^-[^(sin  a cos  yc  — cos  a sin  fisin  vc)  + 

+ }' cos  Yc  — Z sin  Yc  — Q cos  6]; 

q — ~mv  cos  fl  tSin  “ S‘n  Vc  ~ cos  0 sin  P cos  Yc)  + (4-  22) 

- sin  Yc  4- Z cos  Yd: 

— W*.  — (■//,  — A, 

J =2^"'  ~ {Jx'  ~ 

J.-.tai,  — ^ -W,,  — i./i  — •/<, 

ii  — uiti  sin  v • ui..t  cos  y; 

•,  l 

V = ; cos  y — »•  sin  \ ;; 

cos  t» 

Y — — tt;  <*  no.,,  cos  y — m..,  sin  y); 
r=  iuosScosi'l'  — A.lcoss  -t'sirO 

n - —■  v cos  0 cos  (4‘  — A.\ sin  t r z<  sin  6 cos  s; 
r A.  cos  s — v cos  0 sin  (T  — A.  i; 

//----  r sin  =; 

sin  it  = sin  0 cos  a cos  > cos  0 . sin  a cos  vc  • 
v cos  a sin  ■>  sin  y,. ); 

sin  cos  v — sin  *1'  cos  ;<  cos  yc  cos  *1’  ism  > cos  0 
- sin  Yc  sin  0 cos  >)—  cos  ism  ft  sin  y; 
cos  ft  sin  v = sin  yc  cos  3 cos  0 — sin  sin  6. 


w. 


i 
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Fig.  4.12.  The  scheaatic  of  the  relative  pc-siticn  of  fixed  coordinate 
system  Oxyz  and  of  the  aotile  syste*  0*x*y*a'  ufccse  beginning 
coincides  with  the  center  «f  wars  cl  rocket  fi. 
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Britten  system  (4.22)  just  as  systea  <t.1<),  does  net  contain  in 
the  eguatiens  of  forces  and  tozgue/icaents,  determined  u/  the  work  of 
ccctrcl  devices,  and  it  is  suitable  fer  peiicriance  calculation  of 
the  notion  of  the  unguided  rockets.  The  introduction  in  (4.16)  or 
(4.22J,  of  eguation-s  for  value  deter aination  of  ccntrol  forces  and  the 
tergue/aoaents,  which  reflect  their  dependerce  cn  the  notion 
characteristics  of  the  center  of  aass  cf  target/purpose  and  guidance 
■ethod,  leads  to  the  difficulties  cf  a calculated-technical  order. 


let  us  exaaine  the  relatively  simple  vethed  of  calculation  cf 


the  three-dimensiopal/space  tr a jectcries  oi  guidance,  which  makes  it 

possible  to  obtain  concrete/specif ic/actual  numerical  results.  Hethcd 

is  not  set  any  limitatiCES  cn  the  active  characteristics  of 

target/ pur pose  and  rocket.  Let  us  assume  that  as  before  that  the 

balance  angles  and  slip  dc  cot  exceed  the  values  with  which  it  is 

possible  to  accept  j 

sin  a6 « a6;  sinp6ss:p6;  cosa6ss:cosfi6^;  1. 

Let  us  aseaee  also  that  the  hoisting  and  lateral  forces  are  linearly 
connected  with  the  angles  cf  attack  and  slip  along  (2.85),  let  us 
drcp/$mit  the  products  cf  small  ancles  o«yc  asd  Pe»  With  the 
adopted  assumptions  the  spatial  moticn  cf  the  rccket  can  be  described 
ty  si)  by  the  differential  eguatiefs 


■j 


v—— — — — ^sin  9; 

w 

0__(£  + K*)a(s  geos  8. 
mv  v 

fr_(p  + zHh; 
mv  cos  8 

//=  v sin  8; 

. _ cos  y . , sin  T 

*»  ~ Ig8  ’ ~v~  tgt)  • 


(4.23) 


(4.  23) 
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Becall  that  angles  ac  and  Pc  can  he  found  from  the  second  and  thiru 
equations  cf  systca  (4.23)  in  the  fern  (>.9fc)  and  (3.67). 
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for  determining  of  angles  0 and  ¥ a*c  their  derivatives  during  i 

spatial  motioi),  it  is  logical  to  assume  that  the  guidance  system  I 

provides  t.he  conditions  according  tc  which  at  each  moment  of  time  the  ' 

velocity  vector  of  the  center  of  mass  of  rocket  and  the  line  of 
sighting  lie/rest  at  the  plane,  passing  through  the  velocity  vector 
of  the  center  of  mass  of  target/purpcse.  Let  us  call/name  this  plane 
the  plane  of  interception  (f).  The  position  of  the  plane  of 

interception  in  space  in  the  process  of  guidance  will  be  determined  i 

! 

by  the  position  of  the  velocity  vectcc  cf  tte  center  of  mass  of 
target/purpose  and  by  tie  point,  which  corresponds  to  the  position  of 
the  center  of  mass  of  rocket.  For  determinicg  the  position  of  the 
plaoe  of  the  interception  oi  relatively  horizontal  plane  (A)  let  us 
introduce  two  angles:  the  angle  of  the  slope  of  the  plane  of 
interception  to  horizontal  plane  let  us  designate  through  x-  the 
angle  between  the  selected  direction  cf  horizontal  axis  Ox  and  the 
intersection  (in  the  general  case)  of  the  inclined  plane  of 
interception  with  horizontal  plane  let  us  cesiccate  through  HV  The 
orientation  of  axis  Ox  relative  to  dirccticr  in  north  let  us  define 
that  as  usual,  by  azimuth  Ao,  [17].  Cnc  of  the  possible  positions  cf 
the  plane  of  interception  it  is  shewn  op  Fig.  4.13. 

The  position  of  the  line  of  sighting  r in  the  plane  of 

i 
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interception  let  us  detersine  ty  angle  7 between  the  line  o£  sighting 
and  the  intersection  of  the  plane  cf  interception  with  horizontal 
plaqey  He  additionally  utilize  tec  angles  <*u  and  <*p.  the 
lying/horizontal  at  the  plane  of  intercepticn  and  deteraining 
iastaotanecus  positions  cf  the  velocity  vectors  of  the  centers  of 
■ass  9f  target/purpose  and  rocket  relative  tc  the  line  of  sighting. 


r 

1 


i 

t 


i 


the  position  of  the  velocity  vector  of  the  center  of  nass  cf 
rocket  i>i>  in  space  is  defired  that  as  usual,  hj  angle  9 (between 
vectoa  pP  and  the  boriscntal  plane)  and  the  angle  of  rotation  of 
trajectory  V (between  the  projection  cf  vcctcr  vP  on  horizontal 
plane  and  the  axis  Ox). 

the  positions  of  tte  centers  cf  aass  cl  target/purpose  and 
rocket  are  assigned  in  terrestrial  system  Cij2  ty  coordinates 
xa,  yn,  za,  xp,  yv,  zp,  which  subsequently  let  us  call  tasic  unlike 

coordinates  in  thei  plane*  of  interception  which  let  us  supply  with 
seppldnentary  index  «X»*  fox  exaaplc  Vpi  and  sc  forth. 


angles  9 and  'Po  can  be  deter  lined  through  the  naned  previously 
angle  of  the  slope  of  the  plane  of  iaterceptica  X and  the  angle  *, 
which  deteraiqes  the  position  of  vector  *>  in  the  plane  of 
iatcrcepticn. 


n 
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Itoa  A aPP(A),  A PP,..,)fc  and  A nP  b (sac  Fig-  4.13),  let  us  have 

sin  8 — sin  /sin  ?.  (4.24) 

Beylacing  *,  ue  will  ofctaii* 

sin  fl  — sin  y.  sintY  + Op).  (4.25 

Aagl«  «p  Hill  be  detecainad  by  guidance  aatlod.  For  exanple,  ter  the 
condition  of  ideal  advacc6/£re venticc  it  if  necessary  to  use  (4.6). 

fcoa  Fig.  4.1 3,  utilizing  additionally  A ahP(A),  «e  will  obtain 

sin  $=Ji2LL!iILL— tgSctgy.  (4.26) 

cos  6 

&Bgle  cf  rctation  of  tic  trajectory 

V=wt+l  (4.27), 

I 

i 

i 

) 

% 


P iG  E /ST1 


l 


n 


i 
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PA 9-  6.13.  Scheaat ic  of  the  angles,  which;  determine  the  position  of 
the  14oe  of  sighting  and  velocity  vector  the  certer  of  mass  c£  rocket 
in  space  and  on  the  place  cf  intercepted]  (.i)  . 

Key;  |1).  north. 
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coordinates  of  tar<get  and  cccitat.  Curing  Lit  designed  trajectory 
calculations  of  the  guidance  of  the  aotion  characteristic  cf 
target/pur pose,  they  aust  be  assigned,  and  the  action  characteristics 
cf  rocket  are  located  in  the  process  of  the  solution  of  prcblea.  when 


conducting  of  the  firings  cf  the  cccrdinate  cf  target  and  rocket,  are 


detcrained  froa  the  data  of  the  serve  after  target/purpose  equipment 
fchich  aeasures:  the  angle  el  sighting  ard  rcckct  e,„  inclined 
target  ranges  and  rocket  'a  ayd  Doppler  velocities  fu  and 
the  aaiauths  of  target/purp^se  and  rccket  cr  angles  AIU,  A*,,  free  the 
initial  line  of  fire,  ahich  coincides  uitb  sxis  Ox  (Fig,  4.14). 


let  us  find  the  angle  of  the  slept  of  the  plane  of  interception 
tc  the  horizon.  Froa  A LUl^,  A rfLW  wed  A dLUl 4)  in  Fig.  4.14: 


tex  = 


_ <81* . 

fU(j4)  s<n  v’ 


(4.28) 

(4.29) 


'(he  projection  of  the  liny  of  sighting  cy  horizontal  plane  rr 
let  us  deter aiae  free  Fig.  4.15: 

rT = P(  A ,U(4 , = \r(xn — , xrf + 1 1 — rpF  (4.30) 

or , after  traysfocaaticy,  ye  will  cttaic 


rr  = l-<«-Jfp1  J 1 IRV'I'o  “V). 
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Fig.  4.14.  Schematic  of  ccczditates  and  angles,  bhich  detaraine  the 
(csition  of  the  centers  of  lass  and  cccket  in  sjace. 

Key:  (1).  Month. 
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lo  accordance  with  Fig.  4.14  and  4.15,  it  is  jcssible  to  write: 

yK=ru  sin  i/p  = rp  sin  e„;  i 

•'cu= ru cos  s„  cos  \x  u;  xf  = rp  cos  sp  rosjAxp;  (4.3!) 

-„=  — r„coS£11sin  Axu;  rf——rtco s£psinAt'p,  I 

ahcre  nod  AjU:=:APr  iu- 


1 
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let  us  find  the  value  cf  angle  v between  the  projection  cf  the 
line  gt  sighting  cs  horizontal  plape  r*  and  of  the  intersections  of 
the  plane  of  interception  (E)  with  hcrizontcl  plane  (1)  (by  line  dt,) . 
If  we  designate  angle  off  ir  the  horizontal  plane  through  aK,  a the 
angle  of  the  pitching  (cr  diving)  cf  the  target/purpose  through  x, 
then  gf  *4fV«  A IUJXa,  A LW/  and  AdLUl<„  (*««  Fig.  4.14  and  4.15) 
ae  will  obtain 


tg  v— 


<gXctg|»  + COSO. 


(4.32) 


the  angle  between  the  projection  cl  the  lice  of  sighting  on 
horizontal  plane  and  the  axis  Ox  will  Iq  determined  (see  Fig.  4.15) 
fcoca  the  fcraula 


tg(V0+v)= 


*« *P 


(4.33) 


Substituting  in  (4.28)  expression  for  sinv  froa  (4.32),  we 
will  gbtain  fornula  for  determining  the  angle  cf  the  slope  of  the 
plnqe  of  interception  to  the  horizon 


t-  tgl-f  tgpcosq, 
sin  a*  cos  v 


(4.34) 


2 


Fig.  4.15.  Schematic  of  coordinates  and  ancles,  which  determine  the 
positjen  of  the  prcjecticc  cf  the  line  cf  sighting  cn  horizontal 
plane* 

FeJ:  II).  liorth. 

tag  e 162. 

Angie  y is  conveniently  determined  threugh  the  coordinates  cf 
target  and  rocket  in  the  (lace  cf  i ctercep ticn . 

Ccaauaication/connection  between  the  real  ccordinates  of  target  and 
rocket  and  their  coordinates  in  the  place  cl  interception  is 
estatlished  through  angles  X-  ' and  * (see  fig.  4.14  and  4.15): 
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the  oriuin  of  coordinates  0 i in  the  plane  of  interception 
corresponds  to  the  point  of  intersection  of  the  continuation  of  the 
line  bf  sighting  with  hcrixcntal  plane  (poirt  c in  Fig.  4.13-4.15). 

accessary  for  aany  calculations  angle  «»  let  us  find  fros  AdTsl^ 
(see  fig.  4.  It) : 


au  — 18')°  — y — ti; 


IRY  = 


(4.36) 

>4.37) 


while  angle  n will  be  deternined  acccrdicc  tc  the  theorem  of  sines 
fres  the  sane  triangle: 

. _ sip  1 sin  y , i oo , 

sinh= L.  (4.38) 

sin  |i 

Ihe  projection  of  angle  a„  on  horisontal  plane  let  us  designate  aur, 
the*  the  course  angle 


<,.=  180-  — <xa.r. 


In  turn*  from  Fig.  4.  15: 

aur-l8tr  — (v-MV*. 

where  * - aqgle  between  tie  axis  Ox  and  tic  direction  of  the 

projection  of  velocity  vector  «'u  cn  boriscrtal  plane.  Angles  x and 
x detaraine  the  direction  cf  the  notion  of  target/purpose  and  they 
r«*t  be  assigned. 

those  necessary  subsequently  for  the  solution  of  tue  problem  cf 


tie  three- dinensiopal/s pace  guidance  cf  an  increase  in  basic 


1 
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coordinates  Axp  and  AzP  defending  cp  iecreaeots  of  coordinates  A</P 
hill  be  determined  of  the  last/latter  fcraulas  cf  system  (4.23) 

AJCp^AVp-^f?  (4.39) 

(4‘40) 

the  order  of  nuaecical  solution  is  presented  in  Chapter  VI. 


(age  163. 

§3.  Special  feature/peculiarities  of  special  cases  of  moving  the 
target/pur pose. 


Io  special  cases  let  vs  relate  such  case  hitb  whicn  the 
target/puepose  and  the  aiiec  at  it  rcclet  ftlfill  maneuvering  in 
coin etant/in variable  plane.  Eaneuvers  can  be  carried  out  in  inclined, 
vertiaal  and  horizcntal  plates.  In  all  three  versions  the  position  of 
the  plane  of  intercepticn  will  be  deteuinec  by  angle  Z-  constant  dn 

____  JT 

the  course  of  the  solution  cf  problea.  {or  vertical  plane  Z T’ 
for  horizontal  z = ° anc  let  iccliced  n<y<iL- 

the  case  by  which  the  target/furpese  tetains  the  plane  of  the 


fulfilled  aaneuvec,  and  rocket  is  lccated  cit  cl  this  plane, 
obviously,  it  uust  be  refected  tc  the  ccnnc^/general/total  task  of 
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spatial  notion.  Daring  the  solutiof  of  two-ciaepsional  problem  cf 
guidance  with  x ^on'<  is  expedient  axis  Ox  tc  coniine  with  the 
intersection  of  planes  (A)  and  < B ) (with  lice  dl  in  Pig.  4.14),  and 
it  began  basic  coordinate  sjsten  tc  confine  with  point  d.  In  this 
case  , 


4-0  = «;;  4 


and  .v„ 


If  the  plane  of  interception  is  vertical,  then,  additionally  to 
that  noted,  we  will  obtain 

1’  — ; — v — 0;  <f  — 6;  .',,^-,,=0. 

kith  the  guidance  in  hcrizcntal  plane  supp le aer tar y conditions  they 

will  .te;  . .. 

*p  = *u  = !*  = ' — / = 8 — v = y;  ? = *•;  a„ 

</p  — //,,  — II y i — Ha , = con  St 

(in  the  particular,  case  of  value  y,  they  can  be  equal  to  zero).  One 
should  distinguish  two  characteristic  versions  cf  the  motion  oi  the 
target/purpose:  note  coiplex,  when  during  acticc  in  inclined  plane 
cbapge  the  coordinates  of  target  -v,,.  z„  (curing  notion  in  vertical 
plane*  respectively  - ytt  and  *n.  but  during  net  ion  in  horizontal  - 
Xx\  and  zui.  aqd  the  siapler  case,  with  which  the  target/purpose  sieves 
in  parallel  to  the  coordinate  axis  Cx,  i.e.,  rectilinear iy  and  at 


ccyetant  height/altitude;  in  this  case  const  and  *„=const,  but 


a»gle  a„=180°— \\ 


In  the  case  of  the  inclined  plane  cf  interception  when  x=const 
the  fundamental  equations,  which  describe  tie  spatial  motion  of 
rocket  (4.23),  Mill  reaain  tithcut  change. 


Hbile  maneuvering  cf  rccket  in  the  vertical  plane  of 
interception,  which  coincides  with  the  coordinate  plane  xQy,  we  have 
p6='l,=  vp=z  = o.  Conseguently , in  system  cf  equation  for  Y 

and  z't  they  aust  be  lcierea,  equaticns  for  i,  6 and  y will  reaain 
withoat  change,  but  equation  for  xy • »U11  attain  fora  xy=ctgB. 

Page  164. 

In  the  case  of  the  aaeeuver  cf  rocket  in  horizontal  plane  0=0, 
6*C;  jH0»  i/u  = «/r  = const;  Ai/p  = 0.  In  this  case,  iundaaentel  equations  are 

converted  and  accept  the  fclloming  form: 


■o 

II 

~c 

1 

* 

(4.41) 

m 

P + Z*  rj 

(4.  42) 

11  — 1 J • 

4 

mvp 

jc|t  — vv  cos  T; 

(4.43) 

(4.44) 

i 


iet  us  examine  other  special  feature/peculiarities  of  special 
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casesp  Let  0 < / = con>t  < -j- . then  rT 

foraulas  (4.30)  and  (4.29),  but 


Ud  1 g p kc  deterained  frcit 


ttr  v ■ 


(4.  45l 


Ite  coordinates  of  target  and  rocket  it  tut  plane  of 
interception  on  the  basis  (4.35)  will  be  egial  to 

..  l/uC0»  V . „ _ Ijn  . 

«*U>  «^n ' ~ » yUj  • 

sin  x 


1 7 * p 


while  froa  (4.37)  fellows 


'gp 

t/p  cos  V 
lg“ 


.Vp*  = 


y i 


sin  x 


tg  V 


i'll,-  ^17 


Tie  definition  of  angles  ar  and  •*  defends,  just  as  during  the 
splut^cn  of  the  coaaon/cenetal/tctal  prcblet  of  guidance,  froa  the 
selection  of  guidance  aetfaod.  For  a aetfcod  »itt  fixed- lead  angle 


op =a,,0= const  and  <p=Y  + apo- 


Kith  guidance  on  linear  curved 

«p=y;  *=&; 

6 = p;  tg  <p  = ^ ~ — . (4.46) 

Jfu  — xp 

[age  165. 


Differentiating  last/latter  equation,  it  is  possible  to  obtain 
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aaalytical  foraula  for  the  angular  velocity  d*/ct 

|(Jf, - V l w#i -wn)-(yai^yn)  (ttu - a,)],  (4.47) 

where  u.  and  up  - horizontal  coapcnent  tarcet  speeds  and  rocket} 

»«,  and  Wp,  - comprising  target  speeds  aqd  rocket  in  plane  (P)  , 
deterained  by  angle  /-  in  the  directicp,  perpendicular  to  axis  Ox. 


aith  constant  bearing  guidance  additionally  it  is  possible  tc 


ttr  ite 


Y= Vo  ==  const;  v=v0= const;  (i=p0= const. 


Since  ^-const-pi0«  then  fron  for  aula  (4.29>  it  is  possible  to  find 

*B—  Up 


r '8l*o  * 


after  which  froa  converted  tor  aula  (4.30)  u fiad 


x9 — -*u 


V i + 'g2  v0 


(4.48) 


also,  through  (4.4.5) 


~p  -it  (^ii  -V  tg  v 


lith  Batching  guidance  the  lead  aqgle  in  the  plane  of 
interception  is  determined  frea  fcnaula  (4;5). 

Jf  version  0 </= const < ia  e up  piemen;  ted  t y condition  yu=  const, 
we  consider  that  the  target/porpese  moves  recti  linearly  and  in 

parallel  ho  axis  0*  0"n|!0x),  t hen  x-=t)=x=0;  a„-v  and 

tgx*tgyo=^-*  (*-48) 

•in  a* 


J 
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Ib  this  case,  with;  constant  bearing  guidance,  let  us  have 

v=v0=a1[  = cons(;  au=  180*  — Yo= const 

later ing  siailarly,  it  is  possible  he  cbtain  solutions,  also, 
fer  other  special  cases  of  aoving  the  itargei/puijose. 
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Chapter  V. 

T HI  FREE  ELIGijT  OF  ART21LEE  V SEELIf  A BE  UN.G11DE  E ROCKETS  ON 
P1EE-IIIGHT  PHASE  CF  TEE  1IAJECTOE1 

Oe  inactive  leg  when  ttere  is  nc  jccqsua  pticn  of  mass,  the  notion 
cf  the  ceqter  of  nass  of  rccket  or  unguidec  ncse  section  and 
artillery  shell  is  described  by  cne-type  differential  equations. 

§1.  Spatial  notion  in  tie  dense  layers  cf  tte  atmosphere. 

luring  free  flight  in  the  dense  layers  of  the  atmosphere  on  the 
pc«j«<ttile  of  constant  mass,  act  t«o  groups  of  forces  - aerodynamic 


)'■  i 
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fotcu  and  forces,  deteraiacd  by  the  affect  of  the  Barth.  The  systea 


cf  egeations,  which  describes  the  three-diaensicnal/space  flight  of 
the  uaguided  projectile,  car  be  obtained  free  ccsnon/general/tctal 
systea  of  eguatioiys  (3. 7)- (2.  12)  , (3. 14)- (2.23)  , if  we  in  thea 
drep/pait  control  forces  and  torgue/acaentc  age  to  place  a = const 
aad  P = 0.  of  the  veil  stabilised  projectiles  itbe  change  in  the 

aagles  a and  fi,  caused  by  the  oscillation/ vibrations  of  projectile 
relative  to  the  center  of  aass,  leads  to  the  insignificant  deviations 
cf  the  center  of  aass  frea  the  calcalated  trajectory,  obtained 
without  the  account  of  the  cscillaticn/vibraticgs  of  projectile. 


noticeable  effect  cn  the  fora  cf  the  trajectory  of  the  center  of 
aass  gf  projectile  during  free  flight  .can  exert  the  perturbaticr. 


~'v-  •> 
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t««toii,  lot  take*  into  consideration  is  o^uticis  (3.7)-(3.12)  and 
|3. 1«1- <3.23) : variability  ? and  Coriolis  acceleration,  the  given 
rise  to  by  rotation  Earth,  eccentricity  of  the  lasses  of  projectile, 
aerodynaaic  eccentricity  and  disregarded  aerodynamic  force  component, 
(or  efaaple,  Magnus'  force,  the  rctaticnal  ciiect  of  the  Barth  cn 
rocket  flight  and  projectiles  have  examined  me  in  chapter  II  can  be 
taken  into  account  during  tie  eritifg  cf  sys  tea  of  equations  in 
relative  notion.  Eccentricity  of  tie  aassea  of  projectile  can  be 
taken  into  account  by  changing  the  acaents  cf  inertias;  aerodynamic 
eccentricity  - by  change  in  the  value  aerodynamic  force  component  and 
torgue/acnents. 

lege  167. 

Perturbing  forces  and  tor gae/aoaents  (for  example,  Magnus'  force)  let 
•a  consider  by  the  intrcdocticn  cf  separate  terms  into  equations 
«3;7)~<3.12) 


A 


la  ti}«  «ritten  equations,  besides  values,  is  earlier  than  known, 
2 2}*'  2^*  - the  projection  cf  perturbing  forces  on  the 
half-speed  coordinate  aies;  2y'*,jr"  2^**”  2■W,,'  ~ sun  of  the 
projections  of  the  nonents  cf  pcrtnrticg  fences  on  the  body  axes  of 
coordinates. 

Equations  (3.  14)- (3.23)  will  remain  without  change  and  systen 
till  consist  of  16  equations.  If  are  known  the  aerodynamic  and 
perturbing  forces  and  tcrquc/ncaents,  then  systen  is  locked  and  can 
be  solved,  since  in  it  16  unknowns 

v{t),  6 (t),  V(t),  x3(t)i  y3{t ),  z3[t), 
r(t),  »(<),  ♦(<),  YU).  «(0.  ?(0. 

Yc(0,  •*,(<).  “*,(0.  •/,(*'• 

Vcr  finned  unrotative  projectiles  aqd  tin  in  equations  (5.2)  it 
is  possible  te  drop/onit  the  terns,  which  ccntain  the  product  cf 
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dv 

y 

_ _ tf  f 1 rt  As 

dt  g cos  6 . 

dt 

= — g sin  a* 

m 

dt  v ' 

dy 

= ©sin  0; 

— = v sin  8. 

dt 

dt 

lh«  first  two  equations  ace  writter  in  the  l igl-speed/velocity 
coordinate  systea,  i.e.,  in  projections  on  tangent  and  standard  to 
trajectory.  If  aaqy  instances  they  prove  tc  lie  convenient  for  the 
solutions  of  systea  of  equations,  written  it  the  rectangular  stacting 
ccerdjnate  systea.  In  accordance  with  ?ig>.  5.1  m~=—Xcosl. 
ftcltiplying  nuaerator  and  the  denosinatcr  ci  right  side  to  v,  ve  will 
ot  tain 


Ihe  value  of  full  speed  in  the  kaaun  value  c can  he  found  as 
v=u\  where  p = tg  9.  Therefore  as  the  second  equation  of  the 

systea  in  question  let  ts  take  the  differential  equation 


dp d (tg  8) 1 tf  6 _ 1 / f cos  8 \ g_ 

it  dt  cos*#  dt  Cos*  8 \ v I u 


Designating  for  sinplicity  of  writing  E=X/i»  and  adding  kineaatic 
rclat4cnship/ratios,  we  will  obtain  known  systea  of  equations 

<fa  _ . dp  g . dy  _ dx 

— *=—£«;  — - = — ; -f-=ap;  — =a.  (5.4) 

4t  dtu  dt  dt 

It  we  use  for  X equality  (2.95)  and  to  introduce  function  G(v),  then 
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th«  first  equation  q f systea  will  take  the  lera 

—cH  (y)G(v)a~  — Eu, 

where 


E — cH[y)G{v). 


(5.5) 


I 


) 


I < 

i ' 


■i 


i 


| 


i 

I 


' ’“•’^tuasKagsanr* 


J 
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fig.  5.1.  Simplified  diagraa  of  the  forces,  which  act  on  the 
projectile  of  constant  mass,  dr ivic g/nc vine  in  air  with  g = const. 

Cage  169. 

Sith  the  wish  to  consider  a change  in  the  speed  of  sound  with 
height/ altitude  it  is  necessary  to  «se  (2.106)  and  then 


1 id 
dl 


Be  spec ti vely : 


= —cH,(y)G  (.«,)«. 


E = cH,{y)G  iv,). 


(5. 6 


The  second  equation  of  system  (5.4)  can  be  replaced  by  differential 
equation  for  deteraining  vertical  ccapcnent  velccity 


dw  X sin  B 


dt 


m 


Introducing  into  the  first  sealer  cf  right  side  that  composing 


i 


velocities  w=vsind#  let  us  fcave  a s>stea  ot  e<ftations: 


da 

dt 


_ dy  dx 

— Ew  — £r;  — — = a.’;  — = u. 

dt  dt 


(5.  7) 


Systems  of  equations  with  independent  alter nating/var iable  t it 
is  expedient  to  utilize  for  perforiance  calculation  cl  tne  motion  cl 
the  anti-aircraft  shells  cf  ccistatt  nass.  let  performance 
calculation  of  the  motion  cf  the  projectiles  ct  class  "Earth-  Earth" 
(the  inactive  legs  of  rockets  and  trajectories  cf  artillery  shells) 
for  independent  variable  usually  is  takeq  coordinate  x.  <ie  will 
obtain  system  of  equations  kith  arguxent  x,  after  conductrng  the 
cbvioms  transformations  cf  the  first  and  second  equations  of  system 
<S- H)  * 


du 

dx 


du  dt 
dt  dx 


It'— 


dp dp  dt  g J___ t_ 

dx  dt  dx  u u 


System  cf  equations  with  independent  alterxcting/variable  x will  take 
the  form 


du g_  . £y_^p.  dt  1 

dx  dx  ul  dx  dx  u 


(5.8) 


Icc  obtaining  the  approximate  analytical  solutions  cl  the  basic 
pceblcm  of  external  ballistics  cf  the  projectiles  of  constant  mass, 
is  utilized  the  system  cf  equations  for  independent  variable  e.  Let 
us  present 
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dll  _ (iu  lit 
d%  Jt  JO 


-t:u{ '--U ,*i 

V l cos  6 ) g 


lfct«r  replacing  E.  usin<;  5.  S,  we  will  cbtaij 


— = — H (y)vF  (v). 

dt  g 


Cage  170. 


After  intrcduciuq  internediete  derivatives,  we  will  cl»ta 
respectively 


J\  .it  ' f 

•I'  t’4 IS  R j — - 

\ii  \ «’  tN>: 


.it.  .it/  ,i  \ 


lcV  c ' 


Systee  of  equations  with  ar^uaent  6 will  take  the  form 


K 

.It 


iot  the  account  of  a chanqe  in  the  speed  cf  sound  with 
he  iyht/alt  it  ude,  it  is  recessary  tc  cse  and  then  the  lust 

eqwat^cn  of  systee  (5.  1C)  should  replace  with  fcllowmq: 


i- 


//•  : 


n 
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la  systems  (5.3),  (5.9),  (5.7)  and  (5.fc)  ;cint  (i.e.  being 

subject  joint  solution)  arc  tbe  first  three  equations.  In  system 
(5.101  joint  are  only  twe  first  equation.  Cuing  the  suppl  enentary 
e i ■ p 1 if  ica  tioqs,  for  example  wlen  in  the  first  equation  it 

is  possible  to  divide  variatles.  this  property  cf  system  (5.10)  makes 
it  possible  to  utilize  it  for  the  approximate  analytical  solutions. 

The  solution  of  equation  (5.9)  is  the  functional  dependence  v - 
£(€),  which  determines  the  fodograph  cf  the  velocity  of  the  center  of 
■ ass  9f  projectile.  Therefore  it  is  aoceptec  C5 . 9)  to  call  the 
hpdcqraph  equation  cf  velocity. 

Busing  the  compilation  of  all  preceding/previous  equations  of 
present  chapter,  was  assumed  g=const.  however,  this  assumption  is 
correct  during  the  trajectory  calculation  cf  the  motion  of  the 
projedtiles,  intended  for  a firing  to  relatively  short  distances.  The 
system  of  equations,  which  describes  the  free  flight  of  tne  center  of 
mass  gf  the  pnojectile  cf  constant  cass,  intended  for  a tiling  to 
lcqg  range,  can  be  obtained  frem  (2.12),  if  we  in  it  accept  thrust  P 
- 0 


lor  the  approximate  coiputaticq  of  the  saali  free  tra  jectcues, 


r 
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resistance,  when  it  is  pcssible  net  tc  consider  variability  g, 
Coriolis  acceleration  ard  the  curvature  of  the  Earth,  they  are 
utilised  the  equations,  which  do  net  oensider  the  air  resistance.  The 
systen  of  equations,  cciprised  under  the  assunption  g=const  and 
X*Y=0j  can  be  utilized  fer  the  trajectory  calculation  of  the 
projectiles  cf  constant  nass,  driv ing/ccv ire  ir  the  rarefied  layers 
cf  the  atnosphere,  with  tte  expected  firing  distance  to  500  in.  Error 
in  this  case  will  ccaprise  not  sore  than  lCc/c  [35].  At  the  low 
speeds  cf  the  notion  of  bodies  in  air  (app rcxii ately  tc  50  a/s)  it  is 
possible  also  not  tc  cctsider  the  air  resistance  and  to  count  that 
the  b«dy  flies  as  in  the  vacuua.  In  these  cases  the  only  acting  force 
will  be  the  gravitational  fcrce,  apd  the  differential  equations  of 
acticn,  coaprised  in  projections  cy  the  axis  of  the  rectangular 
starting  coordinate  systei,  take  the  f-ern 


— =0;  ^=-g.  15.14) 

dfl  dfl 

Equations  <5. 14)  are  initial  equations  in  tie  sc-called  parabolic 
theory  of  the  notion  of  the  projectiles  of  constant  mass. 


3.2.  Ictiop  in  flat/plane  central  gr av itat  ic r a 1 field. 


Ccnnon/yeneral/total  eguations  (3.70).  rake  it  possible  to  obtain 


the  systen  of  the  differential  equations,  thich  describe  the  flight 
c£  ballistic  nissile  or  its  nose  section  without  the  account  of  the 
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rotation  of  the  Barth  in  the  passive,  unguiced  phase  of  flight  beyond 
the  limits  of  the  dense  layers  of  the  ataosphera.  If  ve  in  systea 
(3.7QI  v„  v,  and  fi  nake  equal  to  zero,  tc  drep/oait  the  tens, 
which  consider  thrust  and  aerodynamic  drag*  then  we  Mill  obtain  the 
case  in  question,  which  corresponds  tc  the  (lacar  trajectory  of  the 
•otica  of  relatively  inertial  cccrdinatc  systen  Cxy 


^x=—gn~X\  ^=-J?r0  — IJ- 


Cn  fi*.  5.2 


x=rsinv;  y = r cosy 


i5.  15) 


aad  then 


vx gn  sin  y,  vt—  — cos  Y. 


Beaeatering  that  i'=»*  ard  y—vv  and  twice  differentiating  (5.15), 
let  us  pass  to  polar  cccrdirates  r and  >: 

r sin  Y+2rvcosY  — rv*sin  y-{-''YC0SY  = — £*>(“)  5>n  Y?  (5.16) 
rcosy— 2rY*sin  Y— ry*cosY— rysin  v=  — cosy-  (5.17) 


Multiplying  (5.16)  by  siny.  and  (5.17)  by  cosy  and  addins,  we  will 


have 


(5. 18) 
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Multiplying  (5.16}  cd  ccc  a (5.17)  «n  sicy  and  to  deduct  of  the 
second  equation  the  first,  then  we  fill  obtain 


2ry-f  ry  = 0. 


(5.  19) 


Multif lying  last/latter  equation  cn  c and  converting,  let  us  write 
syctee  cf  equations 


r-rf=  -gri 


(5.  20) 


These  are  the  known  differential  eqwatioqs  cf  action  of  the 
(ccjeetile  of  constant  nass  in  the  central  era vitational  field  cf  the 
Earth  without  the  account  cf  air  resistance  and  rotation  of  the 
Earth,  written  in  polar  coordinates  r and  y.  Systen  (5.20)  is  the 
basis  cf  the  elliptical  thecry,  which  aakes  it  possible  to 
app royiaahely  deteraine  tie  notice  characteristics  of  ballistic 
■iesiles  and  Earth  satellites. 


id 


-5T* 
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Fig.  S.2.  Simplified  diagraa  of  the  action  cf  gravity  force  in 
central  gravitational  field. 


Page  173. 

In  the  theory  of  tfce  flight  of  the  projectiles  cf  constant  mass, 

system  (5.20)  fregaently  is  utilized;  therefore  is  of  interest  her 

inmediate  conclusion,  besides  obtaining  frci  cciaon/geneca 1/total 

<t* 

eguatiens  (3.70).  Are  convenient  tc  ottain  these  system  in  the  ( 

form  gf  the  equations  of  Lagrange  cf  second  kind  (1.33),  after  taking 
as  generalized  coondinates  i and  j and  after  cccsidering  that  cri 
fDOjectile  acts  ogly  one  external  gravity  fcrce  FT 

in  accordance  vith  Fig.  5.2. 

i *i.‘2 1 1 


.1 

1 

i 


v = \/  r*~ (-  r*y* 


■•'.T - * *-  y / ‘ ; 7 ,-r 
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and  kinetic  energy  of  the  projectile 


(5.  22 1 


•ifferential  eguaticn  tor  coordinate  r let  us  write,  after 
attaining  preliminarily  the  values  cf  terns  in  ( 1-33) 


dT  dT  • d (dT  \ 

- — - — mn';  —7-  = mr,  — — =mr; 
dr  ' dr  dt\dr) 

F, , = - .tr,m  = - mg,0  . 


Summarizing  and  reducing  tc  »,  we  will  obtain  tbe  first  equation  of 
syatea  (5.20) 

«3\J 


Cif f esential  eguaticn  for  a coordinate  1 we  kill  obtain,  after 
substituting  in  (1.33)  tbe  values 


ad) 


87  <*7 


Ibis  till  be  the  second  eguaticn  cf  system  (5.2C) 
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Chapter  VI 


K4flEB|CAL  INTKGBAIICN  Cf  lijE  ECU  AT  1C  NS  OF  ElIEBNAL  BALLISTICS  AND  THE 
USE  01  ELECTRONIC  CCHPUEBS. 


The  lotion  characteristics  of  rcckcts  and  projectiles*:  velocity, 
acceleration,  the  coordinate  of  the  center  cf  less,  etc.  are 
calculated  during  tte  ictegration  cf  the  corresponding  differential 
equations  cf  notion.  of  the  special  feature/peculiarities  cf  the 
integration  cf  the  eguatiers  cf  external  -ballistics,  comprised  it  is 
strict  (without  essential  assuapticcs) * they  consist  in  the 
ccsplexity  of  equations  theaselves,  and  alsc  ir.  the  fact  that  the 
functions*  which  determine  the  air  resistance*  the  thrust  and  some 
ether  values  do  not  have  siiple  analytical  tcr«,  but  they  are  usually 
assigned  by  the  coiplex  cor  ve/graphs,  constructed  according  to 
experimental  data*  or  by  tables.  In  correction  with  this  the 
equations  of  flight  are  solved  usually  by  tie  nethods  of  nuierical 
integration  either  in  electronic  digital  ccipcters  (ETsVn  [digital 
coiputcr]}*  or  by  neans  cf  aanual  ccunt. 


lanual  calculation  with  the  aid  of  the  bey-actuated  digital 
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computers,  logarithmic  tables  and  stall  ITsVE  is  applied  fee 
comparatively  saall  according  to  volume  calculations  when  the  use  c t 
large  universal  ETsVH,  takiig  intc  account  the  complexity  of  the 
adjustment  of  program,  is  economically  cot  justified.  Manual  ccunt  is 
applied  also  with  the  adjustment  of  program  in  electronic  computer 
and  fgi  the  control/check  cl  separate  calculations. 


the  complexity  of  the  phenomena  cf  controlled  and  unguided 
rocket  flight  and  projectiles,  the  regoireaent  cf  speed  and  high 
accuracy  of  performance  calculaticps  cf  moticn,  and  also  the  large 
volume  of  calculations  lead  to  the  need  for  conducting  serious 
research  in  the  field  of  external  tallistics  vith  use  of  ETsVN  and 
the  electronic  analog  ccmputers  of  continuous  action. 


{s  known  many  methods  cf  the  numerical  integration  cf 
differential  equations.  Ace  Incur  the  methods  cf  Euler,  Hunge,  Kutta, 
Adamsj  Stormer,  Chaplygin,  Krylov,  etc.  In  tentenperary  works  in 
calculating  mathematics,  the  part  cf  tie  methods,  close  iq  practical 
accomplishing,  is  uritec.  Mere  trecaert  that  ethers  in  ballistic 


calculations  ace  utilized  tie  aetheds  cf  Emiec,  Eunge 
Adams  - stormer. 


Kutta, 
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in  Bussia  nuaerical  integration  cf  tbe  equations  or  external 
ballistics  carried  cut  ter  tbe  first  tiae  A.  k.  Krylov.  In  1917  he 
read  a report*  anile  in  1 S 1 fc  was  published  week  "About  the 
approfiaate  numerical  integration  cf  Ci.din£iy  differential 
egaatiens",  in  which  giver  thorough  scluticr  of  one  of  tae  tasks  of 
external  ballistics.  As  the  basis  cf  solution,  was  placed  adaasa  - 
Stcraer's  aethod.  Curing  the  suhseguent  years  A.  N.  Krylov  repeatedly 
returned  to  tbe  nuaerical  ictegraticr  cf  the  equations  of  external 
tallistics  and  he  considerably  iapreved  hia.  fer  the  deter aination  of 
the  initial  values  cf  fcncticns,  A.  k.  Krylcv  proposed  the  aethod  of 
successive  approxiaatic ns. 

the  aethod  of  the  nuaerical  integraticr  of  A.  N.  Krylcv  received 
further  developaent  in  k.  A.  Upcrnikcv's  works  (was  known  the  version 
of  thS  solution  of  Krylcv-Upcr rikev) . Crigiral  solution  was  suggested 
by  S . A.  Zazakov.  In  the  field  of  the  Euaerical  integration  of  the 
equations  of  external  ballistics,  aerked  Vi  M.  Irofiaov,  V.  V. 
flechn|kov,  D.  A.  V^nttsel',  V a.  B.  Shapiro,  A.  E.  Koaarov  (version, 
obtained  in  the  acadeay  ia.  A.  H.  Krylcv),  1.  S.  Ustinov  at  al . 
cnaaerated  authors's  works  in  essence  were  directed  toward  the 
solut|cn  of  new  systeas  cf  equaticts,  tbe  develcpaent  of  the  methods 
cf  calculating  the  initial  values  cf  furcticns  and  for  the  decrease 
of  the  voluae  of  calculators  with  tbe 

preset vation/retention/aaintaxning  of  the  necessary  accuracy  of  the 


± 


calculating  practice  of  the  manual  calculation  cf  trajectory  | 

i 

eleiects.  Has  manufactured  the  general,  sufficiently  simple  method  of 
the  niaerical  integration  cf  the  equations  cf  eiternal  ballistics, 
this  aethod,  just  as  enuacrated  is  earlier,  are  utilized  the  theory 
cf  interpolation  and  the  theory  of  finite  differences.  Therefore, 
stksequent ly , let  us  call  it  the  aetbed  of  ruaerical  integration  nith 
the  aid  of  the  tables  of  firite  differences  cr,  it  is  simpler,  by 
difference  aethod  cf  numerical  integration.  Tor  performance 
calculations  of  aotion  ty  ElsVH,  is  is  teen  ccmicnly  used  the  method 
cf  the  nuaerical  integration  of  ^unge  - Kutta. 

Page  176. 


§1i  Niaerical  integration  cf  the  differential  eguations  of  external 
ballif tics. 


Preparation  for. 

^^reclut rop  aqa  very  soluticn  of  differential  eguations  flight  can  be 


by 


re presented^those  carrying  cut  in  fclloing  sequence. 


1.  Development  of  assicnaent,  selectici  of  system  of  equations 


axd  its  analysis. 
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2.  Selection  cf  method  of  ruaerical  integration  and  analysis  of 
its  applicability  with  xanuel  and  sachire  ccuot. 


3.  Deteraination  of  space  of  integration. 


4.  Deteraination  ct  initial  conditions. 


5.  Deteraination  cf  initial  values  of  functions. 


6.  Strictly  nuaerical  integration  (growth  cf  lines) . 


3.  Deteraination  of  ce 11/e  leaents  cf  characteristic  points  in 
the  trajectory:  cell/eleiects  cf  er.d/lead  cf  powered  flight 
trajectory,  trajectory  elements  during  separation  of  used-ups  stage. 


Ihe  first  of  six  stages  are  tightly  irter connected.  For  exaaple, 
ccaplexity  and  the  labor  expense  of  the  scliticps,  which  are 
completely  reveal/detected  only  in  the  process  cf  calculations  (in 
the  fifth  and  sixth  stages),  they  can  lead  to  the  need  for  the  review 
cf  systea  of  equations  fee  the  direction  of  its  siaplitication  or  to 
passage  to  another  aethed  cf  integration,  lie  ccvelcpaent  cf 


assignment  consists  in  the  setting  cf  tasi , tU  determination  cf 
initial  conditions  and  functions,  necessary  fcr  solution.  During  the 
development  of  assignment,  is  checked  .tfe  possibility  and  the 
I advisability  of  using  the  method  of  numerical  integration. 

1»1.  numerical  integration  ty  difference  method. 

| the  methods  of  numerical  integration  like  it  possible  tc 

, calculate  the  value  of  integral  of  the  function,  assigned  tabular. 

11  For  this  purpose  is  utilized  the  sc-called  interpolating  function, 

j vhich  under  integral  sign  replaces  tte  real  furction  whose  analytical 

’ fori  is  unknown.  When  this  replacement  occurs  cn  low  section  curved, 

| accuracy  in  the  integration  can  he  sufficient  high. 

I let  the  interpolating  function  will  he  function  y = £ (x)  . Then 

am  increase  in  the  definite  integral  vithir  limits  from  *n  to  x,i-h  is 
egmal 

•Sf+J 

J ydx.  (6.  1) 


Th«  vmry  idle  time  is  the  linear  interpolating  function 
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— yn=^y„  ~ difference  between  the  valves  cf  function,  which 

correspond  to  datum  (n)  and  to  that  following  (n  ♦ 1)  the  values  of 

ac  gument. 


from  formula  (6.2)  the  unknown  value  ci  function,  which 
corresponds  to  the  value  cf  arguaent  x,  is  equal 


//  = '/„+ 


a y„- 


(6.3) 


face  177. 


During  linear  interpolation  the  area  rider  curve,  that  depicts 
function  f (x) , will  be  treken  intc  a series  cf  trapezoids. 

Integration  for  trapezoidal  rule  gives  significant  error  and,  as  a 
L-ule,  it  is  not  applied  during  ballistic  ca  Iculations. 

Ihe  sinplest  oethed  cf  the  nunerical  iitegration  of  differential 
equations  is  JL.  Euler's  method.  Let  he  regrirec  to  find  the  solution 
cf  differential  first-erder  eguaticf 

!U  - /(-V, 


i 


I 


k 


under  the  initial  ccnditicrs:  x 


1 


Luring  integration  the 


Repeating  process/ opera t icq  for  the  subsequent  sections  of 
integration,  are  obtained  tie  consecutive  values  of  the  functions: 

.V2—  ."1  «/, ); 

='//,+ A,/ (A-,.  (/,). 

(n  general  fore  tbe  fciaula  cf  the  nuierical  integration  of  the 
differential  equation  of  1 orders  for  L.  Euler*s  oethod  will  be 
vcittec  so 

i//!+i  yn~\-hxf[xt ,,  yn). 

Outing  the  soluticr  cf  the  prctleas  of  external  ballistics,  L. 


tuler*s  aethod  can  lead  tc  considerable  errors.  the  accuracy  of 
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•ethod  is  raised  with  the  decrease  ct  the 
however,  in  this  case,  increases  tie  tcta 
is  retained  the  storage  ct  the  errczs  it 
Therefore  in  the  aost  widely  used  aethcds 
integration  cf  the  equaticqs  of  external 
special  interpolating  functions,  which  aa 
the  space  of  integration*  ir  comparison  v 
trapezoidal  rule  and  L.  Euler's  methcd,  f 
preset vation/retention/aa intaining  cf  the 


space  of  integra 
1 volute  of  calcu 
the  process  of  in 
cl  the  nuaerical 
ballistics,  are  u 
kc  it  possible  to 
it.h  integration  f 
or  the 

necessary  accura 


tion ; 

laticns  and 
tegration. 

tilized  the 
increase 
or 

cy. 


1 


4 

\ 


| Cage  178. 
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the  interpolating  function  is  ccapri$ea  in  the  form  of  the  whole 
pclynpxial  whose  degree  per  unit  is  smaller  tht?  the  number  of 
assigned  values  of  functicc  cn  the  section  cf  interpolation  in 
gu«st4cn.  Curve,  that  corresponds  to  pclynciial,  must  pass  through 
all  the  utilized  points,  which  are  called  ct  interpolation  points. 
Satisfaction  of  these  conditions  gives  rise  tc  the  uniqueness  cf  the 
interpolating  function.  Interpolation  fcrnulas  provide  the 
possibility  of  the  appr cxiiaticn  calculus  ct  the  values  of  function 
ice  the  values  of  argunent,  different  froa  the  assemblies  of 
interpolation.  In  this  cast,  is  distinguished  the  interpolation  in 
the  narrow  sense  when  arguaent  x lie/rests  within  assigned  tiae 
interval  i«  aid  extrapolation  - at  the  value  of  arguaent,  which 


4 
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is  located  beyond  the  limits  of  interval. 


Is  aost  universal  the  interp dating  furcticn  of  L arrange.  During 
its  use  on  the  selecticq  cf  interpolation  points  are  not  placed  any 
special  limitations.  Lagrange's  interpolation  formula  tak.es  the  form 


;/  = /(- 


( v — ai)(a  — x2)  . ■ (a  — a,„) 
(a'o  — A,)  (a0  — x2)...  (a0  — xm) 


y o~ 


(X  — A0)  (X  — A;)  ...  (A  — Xm) 
(Al  — A0)  (A[  — A,)  ...  (A,  — Am) 


_ (r  — A0)(A  — A|)  , . (A  — A„-|) 
(■^m  -*o)  (**m  -*l)  • ■ • {xm  Xm — l) 


(6. 5 1 


Are  known  other  interpolation  formulas;  tie  first  and  second 
formulas  of  Newton,  fcriula  of  Gauss,  Bessel,  Stirling.  Newton's 
interpolation  formulas,  comprised  with  the  use  cf  tables  of  finite 
differences,  are  obtain'd  under  the  cocdit ion  cf  the  constancy  cf  the 
space  cf  argument  (h^const). 


If  certain  function  y = £ (x)  is  assignee  tabular  with  a change  in 
the  argument  through  the  ccrstant  space  hr.  tier  a finite  difference 
in  the  function  of  the  first  order,  cc  the  first  difference,  is 
called  value  &y=^i(x)=‘f(x+hx)—f(x).  second  difference  in  function 
lsy=Jk2/(*)  =A(A/(x)]  and  in  so  fertb.  Fcr  obtaining  the  table  of  finite 
differences,  it  is  necessary  from  each  value  cf  function  to  deduct  it 
that  preceding  and  the  obtained  result  to  write  in  chair  to  the  right 
in  cn«  line  with  subtralend,  after  givirg  tc  it  the  number  of  the 


.7W2 
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latter  (table  6.1).  Comprised  similarly  table  calls  the  horizontal 
table  of  finite  differences. 

Eage  179. 


Introducing  the  net  variable 

r_^  X — Xq 
5 Ajr 


where  *0  - initial  value  cf  argument,  let  us  write  formula  for 
Nekton’s  first  interpolating  polynomial  to  cegree  not  higher  than 
n->tb 


Pn{*) — l/u  TtAjAi 


A^oT  • ■ • - 


t(S-l)  ■■■  (6-n+  1) 
n! 


An.Vo- 


^6. 6i 


Heaton’s  second  interpolation  formula  is  applied  for 
inter {elation  at  the  end  of  the  known  values  of  function  (i.e.  for  an 
extrapolation) : 


pn (■*) = y, T SA yn-1  + — | 1}  a2,/„_2  4- 

lii±i2iL±j)  A3„  , €(€+  + .. 

3!  A y -1 j — A'1//,,,  (6.7) 


•j 


j 

1 

l 

\ 

j 


i 


where  y„  - a lasb/latter  known  value  of  function 


cell/eleaents,  into  which  cl  each  ccluac  it  is  taken  only  on  one 
ccll/clenent). 

2.  Before  each  row  eleaent,  except  the  first,  is  placed 
coefficient  iq  the  fora  cl  itacticp.  Its  depcairator  is  the  factorial 
where  erder  is  equal  tc  tie  order  cf  ce  11/e.leae at,  and  in  nuaerator 
it  is  contained  so  aany  the  factors  of  fori  C-i,  which  order  of 
difference. 


w 


toe  * 18107107 


PAGE 


Table  6.1.  Table  hcrizcftal  of  finite  differences  in  function  y = f(x). 


X i II  Au  | X’u  I A3_v 


* /?— o j 

Vn-S 

i 3 

n— .< 

1 

■l-5."*  - 

l'n-: 

! .U„_j 

j 

•».-!  1 

yn  i 

XlJn-  1 

X n j 

a 

l'n 

Xy'n 

i *•«„ 

1 ! 

y n~  \ 

: -il'n.l 

X-yr,  . 1 

i 

X„  - j j 

y *r  • 

ll'n-j 

x„  - 3 

if  ft-  .' 

1 

) 

i 

ige  180. 

3.  First  factor  of  nuacrator  *ust  take  ter*  E-i0,  voece  i0  — - 
index  cf  preceding/previous  cell/e leaent  of  finite  difference  (fer 
exaaple,  if  preceding/pxevicus  cell/eleient  has  number  n-3,  by  index 
ci  which  they  call  nuaber  "-l",  theq  i0=-3). 

Ill  tohe  subsequent  factors  decrease  per  unit. 


Stilizing  this  rule,  let  us  write  as  ar  example  interpolation 
fcraula  for  the  broken  line,  which  ccrrespctds  tc  value  argument  xn. 
Tfce  finite  differences,  used  fer  the  writi.ee  of  interpolation 
fcraula,  qcted  are  noted  in  table  6.1  by  asterisk. 


1 1 
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Ike  written  fornula  answers  the  bicker  lire  of  consecutive 
cell/aleaents,  designated  by  syabcl  lit!  independent  variable  5 

fr«a  |6.  1)  we  will  obtain  an  increase  in  the  definite  integral  fer 
cne  space  cf  integration  it  the  fen 

i 

AJ„=hx  [ ydl,  l6. 9) 

6 

..  dx 

si/nce  d\——~  ■ 

*x 

for  detenainat ion  cf  A/n  we  cay  use  cne  of  the  interpolation 
fcraulas,  comprised  on  the  basis  of  the  lifts  cf  consecutive 
cell/clenents-  thus,  fee  instance,  after  substituting  (b.8) 
dependence  (6.9)  it  is  possible  to  obtain  the  following  expression 
fer  calculating  the  increase  in  the  cefiqitt  integral 

A ( y«  - ■—  Asi/,-i ) ■ (6-  10' 

It  is  analogous  for  the  horizontal  li>nt  cf  the  consecutive 
ce 11/cleaents 

A A.--=AX  ^ yn~f~r  dy„ - Llyn  --  — aV«)  • (6-11) 

During  the  use  of  an  inclined  extrapolation  line,  the  fcriula 
takes  the  fora 

AA=  hx ( yn  + -j  A y„-x  + ~ A *«/„_,  ^ A*y,-,j . (6.  12) 


L 
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last/latter  foraula  aakes  it  possible  tc  irterpclate  forward  (to 
extrapolate) , being  based  cp  the  character  ci  the  preceding/previous 
change  in  the  function. 


Ccmpnisiqg  the  table  ef  finite  differecces  in  the  derivatives 
y'**y*>  it  is  possible  tc  obtain  the  fccauj<s,  utilized  during  the 
caaerical  integration  cf  the  eguatiens  cf  e iter  cal  ballistics  (table 
f-2). 


Page  181. 


Adding  the  difference  in  the  funotioa  Ay*.,  deterained  in  the 
appropriate  foraula,  tc  known  value  yn , ve  chtein  the  subsequent 


unkroan  value  of  the  fuccticr, 


lJn+\ — y n T A v„. 


(6.  13) 


Ibe  formulas,  placed  in  table  A. 2 arid  the  containing  differences 
in  the  third  order,  can  be  csed  for  the  growth  cf  lines,  if  it  is 
buncvn  not  less  than  four  iqitial  values  of  cerivative.  The  first 
value  is  deterained  by  the  initial  ccrditicps  *=x0  and  y=y0  tot  the 
integrated  differential  equation.  Ibe  lissirg  initial  values  of 


derivatives  usually  find  by  the  aetbed  cf  successive  approximations 


11 
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whose  essence  is  presented  telow. 

let  be  assigned  differential  equation  1 cf  ccder  V*—f{x,  y),  which 
fee  decreasing  the  indexing  further  let  us  recerd/urite  in  the  forw 
y'-f(l,y).  The  initial  valaes  x0  and  y0  arc  krewn,  therefore,  known 
value  y'c.  The  det er ainat ic i of  the  cissiag  ce 11/eleaents  of  the 
tatle  cf  differences  begins  frea  the  first  appr cxiaation 
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Table  6 -2#  Fornulas  fox  difiererce  aetbcd  at  Qinerical  integration. 


Cmmbo.i  (/^ 
CTpOKH  no- 
c jejumaTCAb- 
H hi  X 

MCSieHTOB 


(i' 

'I’opMvJiu  Miic/i<?HHOi  o MMTerpH[»oBaHHR 


^.«»  = + y *y'„- 


lu 


12  ^ + 24  V'-n  j 


1 


.«*  = A ( y n + y a^  - jo  ■l2-w«-i-  "o^ 


i.D 

A«„ 


L../  1 

n— 1 


A2|/_  , — •-  -W 
12'  ' n 1 24  •" 


- A(.%+  -j 


12 


■ A'^ 


-%-l  ' 


AyH~  M!,"+  t^+  12 *2y-- 


T— ) 


KteJ:  i 1)  . Syabol  of  the  lipe  cf  ccceecutive  cell/elements.  (2). 
Fcriulas  of  nuaerical  integration. 

Cage  162. 

Buriqg  accoaplishing  cf  the  seccnd  ap prcac h/approximaticn  cn 
kncwn  iron  the  first  ap prcxisaticn  i.  . m and  m-  Me  determine 

£(/„  f>A^!>n  •i.'-0  ' ' -''I  - ■’<*  ‘ ' ^U" 


and 


A * v ( ?/ 1 ; i .«  «i  + Ay,. 

Substituting  in  initial  eguation  kpoei  x,,  y4  and  x2(  y2r  we 


find 
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mJ 

II 1 / (/  > J/f  Ai/o=  </ 1 — //(,;  Af/i  = //_•  — //i;  A'V-  = A //I  — , 


lie  third  approach/appr cxiaetion  is  control.  It  terns  of  the  values 

A.Wo  = *.r|'/o J — Ai/o A2//o)  J Ai/i=A^  (//it  ~ ' A</1  — ~ A8 (/o') 

he  determine  yt  and  y2  «e  ccapute  lyi,  i/j,  ai/o.  Ai/i,  a*i/c- 


for  clarity  that  jreserted  is  giver  ir  latle  by  6.3, 


liter  accoaplishing  of  apprcach/apfroiiaaticns,  is  realized  the 
cossecctive  solution  of  pretlen  nhcse  essence  ccnsists  of  the 
calculation  of  cell/eleaents  n ♦ 1 of  line  cn  the  cell/ele ments  of 
n-tb  line  and  preceding/f reiious  table  ions.  Ihe  differences,  found 
trca  inclined  line  for  the  leading  sguaticr,  sust  he  refined  in  the 
lr>cfcec  li^e  (see  Tatle  6.3). 
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fakle  €.3.  Order  of  calculation  during  the  deter  mi  nation  of  the 
initial  values  of  derivatives  u xi  = yi  fcj  successive  approximations. 


_ J'l ' i 

npufim-.  * ,o  I v 
menus  ' 

V 

Ay 

y' 

Ay' 

A2y' 

I 

0 \ © 

1 ! jc, 

©/ 

y 

/ Ay0^ — 

— 

-®y 

~y'-y 

1 

0 © 

1 | x1 

1 j X ; 

y,' 
y2  ^ 

z Ay0 
^Ay, 

® 

y; 

y’: 

Ayi 

Ay ; 

A2yc' 

M 

0 @ 

1 ; Xi 

i ! xz 

Ay  o 

Ay, 

y\ 

y'z 

Ayo 

Ay: 

A2y« 

Azy; 

Ay2 

Ay' 

3 | x3 

yz 



y'z 

Key:  i 1)  . Approach/apprcxiasticn. 


Face  IE 3. 

Calculation  usually  concludes  with  the  determination  of  trajectcry 
elements  at  end  point.  If  the  latter  falls  cn  the  value  cf  argument, 
multiple  fcr  whole  space,  tten  cf  rc  s t fple aentar y calculations  it  is 
required.  But  if  end  point  does  not  correspond  to  this  value  of 
argunent,  theg  its  cell/eleien ts  are  determined  with  the  aid  of 
re  verse/in  verse  interpolation..  Under  reverse/inverse  interpolation  is 
understood  the  deterainaticn  of  argmment  ir  tens  of  the  knewn  value 
cf  function.  In  this  case  into  any  cf  the  irter relation  formulas 


\ 

J 


l 
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unknown  becomes  the  value  cf  the  i rter { elating  factor  E.  Calculaticr. 
cf  the  interrelating  factcr  € is  dcije  by  the  method  of  iterations  as 
f CllO»£. 


\ 


Broffl  the  second  member  of  the  utilized  interpolation  formula 
(fer  example,  6.8)  we  find  f,  taking  into  acccint  only  finite 
differences  iq  the  seccnd  order: 


In  the  first  ap p r c xi ia t ic c , let  us  hate 

. _ '<  — I r, 


which  corresponds  tc  linear  inter p c lat icn.  Value  E2  in  the  seccnd 
ap proich/approximat icn  is  determined  ficm  the  fcrsula 


>1  0 


■i  ii  r. 


Ini 


Gpcn  consideration  of  tie  third  differences,  the  problem  of  finding 
the  iaterpolating  factor  t is  solved  in  correction  with  16.8) 
according  to  the  similar  schematic: 

* ___  * S?  (€2  0 n — • (sj  — i ) ^ ' f — i ) j 

2-  ±tin  3!  1 j~  ' 

the  qumter  of  appr cac b/ap prexi tat iens , recuired  tor 
determination  € with  the  estatlishe d/insfc a 1 Je c accuracy,  ccrr^s; 
tc  the  number  of  the  differences  considered.  The  unknown  v.lu. 


t 
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acgiMot  is  calculated  kith  known  < completely  sinply: 

X ~ihx-  (6.  IS) 

Basic  advantages  of  difference  nethods  of  nuaerical  integration  i 

- comparative  siaplicity  cf  coant,  reliable  aeans  control/check  of 
the  cgcrse  of  calculations  (course  cf  clanging  tbe  value  of 
differences)  and  the  high  accuracy  of  the  obtained  results.  To 
def icfency/lacks  one  should  relate  irwicldixess  of  solution,  and  also 
the  fact  that  the  beginning  of  calculation  is  conducted  according  to 
aacther  network,  than  basic  scluticg.  This  to  a considerable  degree 
impedes  the  realization  of  difference  methods  during  calculations  by 
EdSlfl* 

Page  184. 

1.2.  Selection  and  analysis  of  system  cf  egeaticns. 

the  system  of  differential  eguaticns  mist  with  the  largest 
possible  accuracy  to  describe  physical  process  (in  our  case  - rocket 
flight)  and  to  consider  the  larger  possible  number  of  its  deteraining 
paraaetcrs  (during  the  study  cf  the  action  cf  tbe  rockets  - tbe 
acting  cn  then  forces  and  torgue/acaents) . however,  as  is  known, 
cpaplcz  systeas  of  eguaticgs  lead  tc  the  bulky  and  laborious  \ 

solutions,  during  which  is  raised  the  possibility  of  aisca lculations 

i 


V 
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and  errors,  Therefqre  when  selecting  of  systea  cf  equations,  it  is 
espeditent  to  attenpt  to  previously  rate/estiaate  the  effect  of  the 
acting  forces  and  tcrquc/acaents  with  the  fact  in  order  to  consider 
essential  in  datun  in vestigaticn  factors  arc  tc  drop/onit  secondary. 
Ibece  are  ether  general  reqeireaents,  .presetted  on  the  integrated 
systea  of  equations. 

lost  siaply  ace  solved  the  differential  equations  of  first 
order)  therefore  t>he  selection  of  systea  it  is  necessary  tec  check 
that  can  it  he  converted  into  the  systea  of  eguations  of  the  first 
crdcr>  The  equalizations  cf  external  ballistics  are  usually  of  the 
erdex  not  higher  than  the  second  and  can  tc  easily  given  tc  the 
systea  of  eguations  of  the  first  erder  in  tie  sanner  that  this  was 
done  above  (for  exaaple,  see  chapter  111),  lie  directly  solved  systen 
nest  be,  naturally,  locked  and  consist  qt  differential  first-order 
eg«at(cBs. 

Ihen  selecting  of  systea  of  equations  and  independent  variable, 
it  is  necessary  to  also  ratc/estiaate  a charge  in  the  entering  the 
eqaaticn  functions  and  derivatives  in  all  range  cf  integration.  For 
ezanplc,  the  use  of  systea  (5.8)  is  inexpedient  at  large  angles  of 
depart  tre,  since  at  0O  > 60°  value  dp/dx  and  p sharply  changes  for 
the  preservation/re.tention/aaintaining  cf  tie  accuracy  of 
calculations  necessary  to  take  very  fine  pitch,  which  increases  the 


•close  of  calculations.  Cannot  be  used  systeas  cf  equations,  in  the 
process  of  solution  of  thicl  derived  cr  focctlccs  theaselves  becoae 
eqaal  to  infinity.  For  exaaple,  naaed  systci  <5. 8)  is  unsuitable  for 
trajectory  calculation  at  the  values  9a  of  close  to  90°,  since  in 
this  ease  tg60*«.  Is  unsuitable  fox  the  calculation  of  the 
ground-based  trajectories,  for  exaaple,  systea  vith  independent 

fix 

alter aatiqg/ variable  y,  since  in  peak  of  tbc  trajectory  — =*oo. 

ay  • 


Systeas  of  equations  vfcich  can  be  iqtecrated  under  virtually  any 
initial  conditions,  arc  called  universal.  Scch  systeas  include 

(3.77)  , (5.4)  and  other  systeas*  ccaprifed  »ith  independent 
alteraating/variable  t (tiac) . 


for  integration  it  is  desirable  to  select  systea  with  the 
saaller  nuaber  of  siaultaaccus,  together  sclved  equations,  vith  the 
acst  convenient  for  this  task  arguaent* 


Cage  1€5. 


For  efaaple,  for  the  calculation  of  the  pcvcscc  flight  trajectory  cf 
the  glided  and  unguided  aissiles  ard  zenith  trajectories  of  the 
pcejectilea  cf  barrel  systeas  it  is  convenient  to  take  systeas  vith 
independent  by  the  variable  t (tiac).  JPcr  the  calculation  of  the 
inactive  lega  of  the  rockcta  of  claaa  "sue  f«ce-rsur  face"  vhen  8*^60° 


J 


aid  of  the  ground- based  trajectories  cf  tab*  projectiles  cf  barrel  I ] 
systess  when  6o<60°  usually  takes  systen  (*.£),  coaprised  with  ' ] 
independent  alternating/ear iable  x.  I I 


fbc  iaportant  condition  of  evaluating  the  selective  systen  is 
the  naaber  of  leadipg  equations.  Leading  is  called  the  equation  froa 

: 4 

scluticn  of  which  begins  the  process  of  tebc  greath  of  lines  during 

I 

the  use  of  difference  aetbed  cf  rsacrical  integration,  in  the  right 

side  %t  the  leading  eguaticr,  is  contained  in  explicit  (or  iaplicit) 

fora  function  itself  ahese  increase  is  de-tciained  during  scluticn.  An  [ 

I j 

iacreise  in  the  functicp  car  be  fo«|d  ,frca  the  leading  equation  in 


tac  approach/approxiaations ; first  - frea  tie  fcraula  of  nuaerical 
integration,  which  correspcrds  to  cxtrapalet icx  (inclined)  line,  and 
after  the  solution  cf  rcaaining  siavltaneoas  eguations  and  growth  cf 
the  table  cf  differences  - it  is  acre  precisely  foraulated  on  the 
fcraula  of  broken  line.  Curing  a ccaparativ*  evaluation  cf  different 
systeas  of  eguations,  tbe  preference  ether  conditions  being  equal 
sbeald  return  to  the  systca,  abich  has  one  the  leading  equation, 
since  in  this  case  considerably  ace  eiaplified  calculations.  For 
epaaple*  in  systea  (5.6)  - cnc  the  leading  equation  du/dx=-E,  and  in 
syatea  45*7)  their  taos 

lit 


In  th«  presence  of  several  leading  equstiens  one  of  then  it  is 
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selected  by  basic  and  Kith  it  begir  the  calculations.  The  basic  froa 
the  leading  equations  is  considered  sinilar,  which  determines  the 
paraatter  of  notion,  necessary  fer  integrating  the  greatest  nuaber  of 
sianLtaneous  equations,  so*  in  the  cxaniqed  abeve  exaaple  the 
fundamental  leading  equaticp,  the  first,  sircc  w defines  coordinate 
y(y—w),  required  for  the  calculation  of  force  cf  X,  while  coordinate 
x,  deterained  on  u(x=u),  fci  the  scluticq  ci  the  siaultaneous 
equations  of  qystea  (5.7)  it  is  net  necessary.  If  trajectory 
gneund-based  and  ao<60°,  then  preference  stculd  return  to  systea 
(5.8). 

Ill  the  calculations  when  conducting  cf  numerical  integration 
are  conducted  by  hand  on  basic  and  auxiliary  ferns.  Basic  forn 
contains  vertical  ccluncs  fer  the  lecation  cf  the  value  o£  argunent, 
tables  cf  differences  in  the  derived  ccaputcd  functions  and  functions 
thenselves.  Basic  forn*s  fern  is  determined  by  systea  of  equations 
and  dyes  got  depend  on  the  nethod  cf  calculaticn.  The  leading 
equaticn  is  placed,  as  a rule,  in  the  extreae  right  side  of  the  forn. 

Eage  186. 


la  le£t  ext rune  coluan  are  placed  the  nuabers  cf  lines,  and  together 
- the  value  cf  argunent,  which  is  changed  through  the  constant  space 
Basic  fornls  filling  is  conducted  frea  right  tc  left,  beginning  with 
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the  ldadiqg  equation. 


zvt 


Auxiliary  fora  aust  te  comprised  sc  as  to  accoaodate  all  the 
calculations  regarding  differences  in  the  orkncbn  functions  in  the 
foraulas  of  nuaerical  integration  aqd  the  calculation  of  derivatives 
for  the  differential  egeatiens  of  systei.  Easic  and  auxiliary  forms 
tost  be  coaprised  in  such  a way  as  tc  shorten  tc  the  ainimua  the 
recording  of  any  calculaticis  cut  cf  feras.  Beccrding  on  separate 
leaflets  leads  to  errors  aqd  ccaplicatss  testing  solution.  Auxiliary 
fern's  fora  depends  on  the  integrated  systei  of  equations,  netted  cf 
calculation  aqd  computer  technology  used.  11  calculation  is  conducted 
with  the  help  of  logarithsic  tables,  then  it  auxiliary  form  must  be 
provided  lines  for  the  recctding  in  thes  of  logarithas,  actions  with 
then  and  line  for  involution  with  the  aid  cf  the  tables  of 
aetilggarithns.  Auxiliary  fern,  intended  fci  calculation  with  the  aid 
cf  kef-actuated  autcaatic  machines  cr  siaplcst  Els VH,  is  siapler, 
since  dc  not  contain  the  lines,  intended  fet  actions  with  logarithms. 


Kith  any  method  of  calculation  in  fora,  most  be  the  lines, 
intended  for  actiops  with  the  tabulated  values.  Considerable 
siapl4f ication  in  the  calculations  is  achieved  at  use  of  tables  for 
ntj/i, | t,  standard  functions  F(v^,0,v^  etc.  and  logarithaic 
tables  of  the  naaed  functions. 
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the  nuaber  of  horiaontsl  lines  of  basic  fcra  and  the  nuaber  of 
aesillary  fora's  vertical  ccluaos  aast  coziespccd  to  the  nuaber  of 
calculation  points  in  tie  txajectcxy  and  certain  supplementary  lines 
aad  cglum)*  fax  conducting  the  appzcactes.  luxiliary  form's  first 
ccluaa  does  not  usually  have  nuabei  and  is  intended  for  the 
calculation  of  the  interaediate  quantities,  deterained  on  the  basis 
of  initial  ccnditions. 


i 


i 


lasic  foras's  speciaen/saaples  for  the  solution  of  systems  1 ] 

(14761  and  (S.8)  are  visible  fxca  a q esaaqsle  of  calculation  by  the  | j 

v 1 

ceacr|cal  integration  of  the  aotiof  charact er istics  of  the  unguided  1 

rccket  on  active  and  inactive  legs.  ] 


1.3.  lccuracy  of  calculations  and  selection  of  space  of  integration. 

In  error  in  the  results  of  the  calculations  of  the  notion 
characteristics  of  flight  vehicles  is  detezsined  by  the  following 
standsxd  gcoups  of  errocs: 

. i 

1.  By  ezrors  in  the  fozaulaticn  of  the  prcblea,  deterained  by 
the  degree  of  appr.oxiaatico  of  aathcaatical  acdel  to  the  real  process 
cf  aoving  the  flight  vehicle,  Ihis  group  of  erxers,  called  errors  in 
the  tdsh,  is  given  rise  to  by  the  establishc d/installed  assuapticos 
and  the  selection  of  systei  cf  equatictS4  j 

i ■ 
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Page  167. 

2.  Second  group  is  determined  hy  errors  ir  method  of  solution, 
for  eyaaple,  fay  introductiec  cf  ap prcxiiatirg  functions  for  air 
resistance,  by  replacement  of  numerical  solcticy  by  approximate 
analytical  and  so  fertb. 

2.  Large  group  of  eircis  appears  durirg  introduction  into 
solmt^cn  of  series  or  other  natheietical  secuerces  and  use  only  of 
their  initial  terms.  Such  errors  are  callcc  resanent/residual  and  are 
given  rise  tc  by  sua  value  cf  the  c fitted  terms  of  a series. 

t.  Accuracy  of  solutitc  is  determined  to  a considerable  extent 
ty  accuracy  of  initial  cata,  for  example,  accuracy  of  determining 
aerodynamic  characteristics.  Such  extexs  are  called  initial. 

I.  To  technical  errers  in  calculations  usually  are  related 
rounding  off  errors  and  large  group  cf  errere  in  actions  on 
apprayiaate  numbers. 

different  fields  of  ballistic  research  and  different  setheds  cf 
the  sflutico  of  ballistic  ptebleas  have  their  specific  errors.  During 
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ti»«  ap plication/use  of  a firite-dilfer ccce  jethcd,  an  error  in  the 
calculations  is  deterained  in  essence  hy  the  errors  for 
ap^cof iaaticn#  by  the  errcrs  fcr  aatheiatical  operations  and  by 
rounding  errors.  Errors  in  the  aatheaatical  operations  depend  on  the 
cpaaoa/general/total  scteiatic  cf  solution  and  are  virtually 
ccjjxeac vable.  With  rounding  is  applied  the  rule  cf  Gauss.  The  errors 
for  althenatical  operaticcs  and  rcscdiog  enor  usually  little  affect 
the  accuracy  of  final  results  during  trajectory  calculation. 

The  errors  for  appro* iiaticn  ere  causer  by  the  replacenent  of 
real  functicn  or  by  its  derived  interpclatipg  function  of  the 
deterained  order.  The  value  cf  the  error  fcr  approximation  is 
detereiaed  by  the  order  of  the  held  difference  in  the  interpolating 
function  and  by  the  space  cl  acguae^t.  in  the  process  of  the  growth 
cf  the  lines  of  the  error  fcr  apprcxiaatipn,  error  for  aatheeatical 
operations  and  rounding  error,  they  ace  acccaulated.  The  selection  of 
the  space  of  integratioc  is  the  iaportant  stage  cf  entire 
calculation,  since  its  value  determines  not  only  accuracy,  but  also 
the  letor  expense  of  calculations. 


lith  the  low  pitch  of  integration,  it  is  possible  to  forego  the 
use  cf  differences  in  the  derived  high  erdexs  (the  second  and  above); 
however,  in  this  case  gxow/rises  the  nusbex  of  calculation  points  and 
in  the  process  of  calculaticns  increases  the  storage  of  errors.  With 


I 
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steep  pitch  is  decreased  the  voluae  of  calculations,  but  decreases 
the  accuracy  of  calculations. 

the  value  of  the  space  of  integration  depends  on  aany  values  and 
is  net  deternined  unaat igucesly.  Let  us  estehlish 
coaaunication/conpectic 9 cf  the  space  cf  integration  with  the 
accuracy  of  calculations  and  the  nuater  of  calculation  points  during 
definition  of  one  of  the  acst  iipcrtant  cha xacteristics  - firing 
distance. 

Ihe  expected  firing  distance  *c  and  tie  aaxiaua  standard 
deviation  of  the  iapact  pciit  ic  the  projectile  from  the  calculated  - 
la  absolute  error  ic  the  calculations  ic  the  process  of  design  - 
Ar  aast  be  considerably  less. 

Cage  188. 

In  the  assigned  aagnitode  A*  er  cn  ccpnected  with  it  relative 
czcgc  8 — ■—*-  1009u  can  he  deter  lined  the  nuaher  cf  accurate  signs, 
held  during  calculations,  according  to  the  general  rules  of 
calculating  nathenatics,  iqteraediate  calculations  aust  be  conducted 
kith  gne  (two)  spare  sign.  A*=«0,1  ex.  lheo  with  cue  spare  sign  a naxinum 
practical  error  in  the  calculations  aust  be 


Ar  ~ 0,  lA^~0t0Ur. 


(«.  17] 


deterained  frca  the  focaula 

A,  = 1 flA,  (6.  18) 

where  c - a number  of  teras  during  ijuaerical  integration  (nuabec  of 
calculation  points) ; 


[ Ax,  - aaiiaua  absolute  error#  takes  identical  for  each  of  the 

§ teias* 

| 8cr  exaaple#  if  for  cqe  space  cf  integration  .^.  =0,1  a and 

1 

during  integration  render/s tewed  49  calculation  points#  then  coaplete 
distance  xc  Hill  be  deterained  with  tie  aaiiaui  practical  errer 

A*  = I 49-0.1=0,7  m. 

Usually  the  nuaerical  integration  cf  tie  egiaticns  of  external 
ballistics  is  conducted  v it  h the  use  of  the  second  differences#  and 
| the  space  of  integration  is  selected  siailar  sc  that  the  rejected 

f third  differences  in  the  derivatives  lately  would  affect  increases  in 

the  fancticn  (usually  sc  that  they  would  net  eiceed  several  units  of 
the  last/latter  held  sign  it  an  increase  in  the  function).  Let  with 
independent  alternating/ variafcle  t the  teri  in  en  increase  in 
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fuqctlcn  x,  determined  by  the  third  cifferercc,  does  net  exceed  the 

permissible  absolute  ertcr  at  each  space  of  integration  - AT/.  in  the 

formulas  of  numerical  integration,  used  for  ttf  growth  of  lines,  the 

third  differences  have  ccefficiect  — (**e  Table  6.2).  Then 

24  ' 

-~A*u<  Ax,..  .6.19) 

the  space  of  integraticn  and  the  number  of  calculation  points 
ace  mutually  ccnnected  threegh  the  expected  finite  value  of  the 
complete  time  of  integraticr  (duration  cf  tfe  eperation  of  engine  - 
t„  for  an  active  section  cx  complete  flight  tiie  for  a greund-based 
tr-ajectcry  - (c)  Fcr  example,  the  cumber  of  calculation  points  for  a 
fevered  flight  trajectory  is  equal 


Eage  189. 


After  transformation  (€.19)  taking  rate  account  (6.18)  for 
testiog  of  space  we  will  obtain  the  condition 


' a3u  | n 

Since  A9u  in  the  beqiacing  of  calculations  it  is  unxncwn,  then 
alsc  the  space  of  integraticn  cannot  he  determined  unambiguously 
pner  to  the  beginning  cf  ca  lculaticcs.  It  is  necessary  to  assign 
value  of  space,  being  oriented  toward  the  complex  of  the  similar 
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£ recediny/previous  calculations.  I?  the  process  of  integration  with 
as  increase  iq  the  number  cf  line,  tie  thirc  differences  usually 
rabidly  decrease;  theretcre  testing  the  selected  space  on  formula 
<6.201  one  should  sake  in  tie  beginning  of  calculations  with  increase 
of  the  liqes  of  the  consecative  cel 1/eleaee ts  cf  the  table  of 
differences  in  the  derivatives. 

Buring  further  calculations  with  the  decrease  of  the  third 
differences  in  the  derivatives,  the  space  cf  ictegration  can  be 
iacreased.  The  supplementary  siyn/cr  itericq  cf  the  correctness  of  the 
selected  space  is  the  ccnveigence  cf  process  during  the  determination 
cf  the  initial  values  of  fercticc.  Sith  the  correctly  selected  space 
it  proves  to  be  sufficient  cf  two  cr  three  cpprcach/approx inatiens. 

Is  the  criterion  of  the  correctness  cf  the  selected  space  in  the 
pcccess  of  integration  during  the  grewth  of  lines  can  serve  also  the 
value  cf  the  refinement  of  the  increase  in  tie  function,  deterained 
according  to  the  leading  equation,  faith  the  correctly  selected  space 
the  difference  in  the  values  of  increases,  determined  in  inclined  and 
broken  lines,  must  not  exceed  several  units  cf  the  last/latter  held 
sign  fsee  an  example  of  calculation  ir  table  6.4).  Besides 
satisfaction  to  the  named  requirements  cn  syacitg  accuracy  must  be. 


ae  far  as  possible,  by  the  convenient  number  net  which  it  is  easy  tc 
multiply  when  conducting  of  calcula tic cs.  At  increase  and  a decrease 
cf  the  space  in  thf  process  of  calculations  usually  are  carried  out 
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tH«  times  (or  into  the  multiple  twc  number  cnee)  ; therefore  the 
initial  value  of  space  is  expedient  tc  select  similar  so  that  the 
dcabla  space  and  the;  vculd  he  dcuhle  smaller  also  convenient  for 
multiplication.  The  need  of  decreasing  the  space  in  the  process  of 
calculations  is  usually  determined  by  abrupt  change  in  one  of  the 
values,  for  example,  by  a change  of  value  cx(M)  if  the  velocity  band  of 
the  action  cf  projectile,  close  tc  the  speed  cf  sound.  After  the 
passage  of  the  area  of  the  transonic  speads,  during  further  sneoth 
chapge  cA (Af),the  space  of  integratioj  it  is  expedient  to  again 
increase. 


In  the  practice  of  the  numerical  calculation  of  relatively  snail 
trajectories  (the  inactive  legs  of  the  unguided  rockets  and  the 
trajectories  of  the  projectiles  of  barrel  systems)  by  nanual 
calculations  mere  established  the  following  values  of  the  space  of 
integration-  During  the  ictegratioc  cf  systea  (5.8)  for  independent 
alteraating/variable  x,  for  trajectories  with  relatively  larger 
angles  cf  departure  (10°<8o<60°)  the  space  is  usually  taken  Ax«500 
by  a;  during  the  calculation  of  the  short  leu  trajectories  of  small 
arms  drring  the  integratioi)  of  the  same  system  cf  equations,  the 


space  cn  x is  taken 


Page  190. 


/!,=  100-200  B. 


*1 
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luriqg  the  integration  of  systeis  (3.7t)  aad  (3.77)  , that  f 

describe  the  aotiop  of  the  center  cf  Bass  ci  the  unguided  rocket,  ' 

uith  relatively  saall  distarces  space  cc  tiie  can  be  takeq  h-  =0.1— 0.5s. 

i 

for  surface-to-air  aissiles  and  projectiles  in  the  zone  of 
repdeltous  for  t he  aaneuvexing  tarcet,  soaetiacs  proves  to  be 

necessary  to  take  )>■  = 0.01—0.001  *•  ■ 

\ 

luring  the  iptegraticq  of  the  aystea  ct  equations,  which 
describes  the  aotion  of  the  center  cf  sass  cf  projectile  together  [ 

with  the  study  of  short- period  oscillatory  icticns  relative  to  the 
center  cf  aass,  th,e  space  of  integration  fcr  lev  projectiles 
h,  = 0,001—  0.0005  a-  In  vie*  of  large  later  essence,  the  solution  of  a 
siailir  problea  by  aanual  calculations  is  ccnducted  in  the 
exceptional  cases. 

fhe  accuracy  of  calculations  depends  cc  the  guantity  of  accurate 
significant  digits  which  is  deterained  fro*  the  inequality 

A <10*.  (6-21  I 

vhcce 

i 

i ' 

A - absolute  error  in  the  nuabtr; 


4 
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a - old  deciaal  digit  cf  nuaber; 

■ - nuaber  of  accurate  significant  digits. 

Ixaaple.  Let  t>e  apprcxiaate  amber  L*  12*80  ka  be  augt  be 
calculated  with  relative  accuracy  6l-i%.  0,1%.  o.oi % and  by  0.  CQlo/o. 

let  us  deteraine,  how  tany  in  each  case  aust  be  taken  accurate 
signs  during  ealeu laticns.  Ibsclute  ecicr  ir  each  case  will  be 
deterained  according  tc  foraula  a,  = yj^  aqd  it  sill  be  equal  to: 

Ali ■=  I2')<  10',  A,,=  l2.5<10-“;  At3  = 1 ,25<  1 O' ; AM  = 0,125<  10°. 

Calculated  nuaber  in  pcsiticr  recording  takes  the  fora 

12480=1  10,  + 210'  + 4 i(F+8-  l0'  + 0-  10°. 


Consequently,  the  old  deciaal  digit  a * -4.  Ihe  nuaber  of  accurate 
signs  cn  fcraula  q*i-k*1  fer  each  calculated  case  will  be  equal  nt=2, 
na*3;  n3=4  and  n4x5.  Taking  into  account  one  spare  sign,  interaediate 
calculations  aust  he  conducted  in  accordance  with  three,  four,  five 
and  six  accurate  signs.  Ihe  correct  recording  cf  nuaber  L in  each 
case  aill  take  the  fora 

l „ I |o<  km.  l ~ 1.248  10*  km.  1=1.2480  1 04  km:  L=  1,24800 • 104  km 

•uring  calculation  the  tables  oi  ccaacp  legarithas,  one  should 
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use  titles  nith  so  aany  signs,  how  aany  acciratc  signs  is  ezpedient 
tc  have  in  tbs  computed  lost  iapcctaot  functic-E,  for  exaaple  distance 
U Dazing  calculations  of  the  relatively  stall  trajectories  of 
artillery  shells  and  rockets  and  fez  initial  estimate  and  training 
calculations  they  frequently  use  tin  widespread  four-place  tables  cf 
ccasoa  logarithas. 

Bering  the  evaluation  cf  the  ccaacn/gccezal/total  accuracy  cf 
solution,  it  is  necessazy  to  keep  if  tied  that,  besides  the  accuracy 
cf  calculations,  it  is  deterained  ty  the  correctness  of  the 
description  of  physical  process  by  differential  equations,  the 
accuracy  of  the  assignaent  cf  initial  data,  etc. 


Cage  IS1. 


The  unjustified  increase  of  the  quantity  of  significant  digits  in  j 

j 

auahess  does  not  raise  the  conaan/gcnexal/tctal  accuracy  of  solution,  | 

hut  cely  increases  the  vcluie  of  recording  and  possibility  of  errors.  I 

j 

<i 

j 

l.M.  Beternining  notion  characteristics  at  assigned  points  in  the  j 

trajectory.  i 


Bucing  the  trajectory  calculation  of  different  types  of 
projectiles,  always  is  encountered  the  necc  of  deternining  the 


] 

i 
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S i 


ii 


V ' 


ccll/elennnts  of  notion  foe  assigned  characteristic  points  in  the 
trajectory.  It  is  accessary  to  knes  the  cell/eleaents  of  the  end/lead 
cf  fo acred  flight  trajectory,  trajectory  elfsonts  during  the 
separstioq  of  the  used  up  stageren  cf  rocket,  trajectory  eleaents  at 
the  pfint  of  firing  jet  engine  (of  IBS  and  JBB)  and  at  the  end  of  its 
berk,  the  cell/eleaents  of  peak  of  the  trajectory,  iapact  point  and 
pcint  of  iapact.  As  a rule,  the  naaed  characteristic  points  do  not 
coincide  nith  the  points,  attained  in  the  process  of  integration,  and 
the  cAlculatien  of  notion  characteristics  ii  then  is  conducted  uith 
the  a|d  of  the  for  aulas  ci  direct/straight  and  re verse /inverse 
interpolation. 

■ction  characteristics  at  the  end  cf  tie  nerk  of  the  jet  engine 
cf  the  unguided  rocket  are  determined  froa  interpolation  formulas.  In 
the  case  of  tlpe  solution  of  prohlei  with  independent 
alteraating/variahle  t (tiac)  the  interpolating  factor  is  deterained 
fro  the  fcranla 


5k 


t*  - 


tthere  f*  - a tine  of  the  erd/lead  cf  the  engine  operation; 


tr,  - near  to  tK  prcccding/previcus  titular  value  of  tine; 


h,  ~ space  of  integration  for  tiac.  lie  abscissa  of  the 
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end/lead  of  the  active  section  will  te  deterained  according  to 
coaaca/general/total  foraule  (6.8) 


+ ;kA*„  + ■-  U,  ~ 


The  ordinate  of  tl|e  end/lead  of  the  active  section  and  the  velocity 
at  the  end  of  pottered  flight  trajectory  arc  dctcrained  alsc  fret 


(6-8) 


y*  — >/n  4-  ;kA;/„  + • 


A *y„-v 


v.  = vn  +5„AO„  - i • --|t(-£K2-‘)-  A 


Siailarly  are  deterained  cthex  trajectory  elements  et  the  end  of 
the  active  section. 


lot  if  the  independent  variable  is  undertaken  nass  ratio  p , then 
ieter§clation  factor  will  he  deterained  according  to  the  foraula 


t 

A, 


where  - corresponds  to  the  end/lead  of  the  engine  operation; 


- space  of  integration  for  p. 


Cage  192. 


the  cell/eleaents  of  peak  of  the  trajectory  S and  of  iapact 
point  C,  i.e.,  the  point  of  intersccticp  .of  trajectory  with  the 
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suxface  of  the  Earth  (nitb  the  coordinate  plane  Oxz)  are  determined 
free  the  for aulas  of  inters*  interrelation.  In  peak  of  the  trajectory 
es«0  Ml,  therefore, />s=0.  that  the  interrelating  factor  is  deterained 
according  to  (6. 14)- (6. 16).  in  the  first  aprrexiaation,. 

AP/i 

where  pn  - last/latter  positive  value  froi  these  obtained  in  the 
cerise  of  intfgration. 


Jn  the  second  apprcach/approxieaticn 

&Pn-\_ 

tS~'Sll  2 upn 

After  this  the  notion  characteristics,  whici  correspond  to  peak  of 
the  trajectory,  will  be  deterained  acoordi?c  tc  usual  interpolation 
fpxaulas.  During  integraticr  with  independent  alternating/variable  x 


the  abscissa 


a*  5 xn- ■)-  X^h  ^ 


while  the  ordinate  of  peak  cf  the  trajectory 

ys=y«-r  h&y*  4 — 5 — % — A y"~v 

Similarly  can  be  dpterained  the  others  cf  acticr  characteristics. 


the  interval  cf  integration,  which  includes  inpact  point,  is 
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characterised  by  a chance  in  the  calculated  ordinate  froa  J/n>0  to 
Vn+t<0.  At  iapact  point  the  ordinate  c f tra-tctcry  i^-O.Tben  the 
iaterfclat ing  factcr  in  the  first  ap f rciiaa tier , 


lei  « 


a 


la  the  second  appr qach/appr.cxinaticn 


«c ««c.«  = 6c* -^=2_ . 

Ihe  basic  cell/eleaente  of  aoticn  at  iipaxt  point,  in  the  case 
cf  integration  with  independent  to  the  variable  x,  are  equal  tc 


xc~ 

Pc=p„-\-  XcWn + — *c2~1}  AV„-,; 

',c='ld+ScA^+— (e<r2  U AV(,_j). 


Retaining  cell/eleaents  Mill  be  determined  according  to  siailar 
for aulas. 


Page  193. 

t 

i 

Jf  for  the  guided  ballistic  aissile  given  speed  at  the  cutcff 
pcint  cf  engine  - then  the  interpolating  factor  in  the  first 
a( (icfiaation,  it  is  equal  to 


. 1 

1 

; -i 

i 

i i 


■i 
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t "K 

«l 


V*—V„ 


At>. 


while  in  the  second 


, . . ^kI  ^k!  j2 

«k~:kI[  ?kI  2 At'„ 


line,  Nfaicfa  corresponds  to  the  end/lead  oi  powered  flight  trajectory, 

—tn  "4 


Coordinates  of  the  end/lead  of  powered  flight  trajectory 

— __  „ t » * ..  t £k  (6k  0 1 2 .. 

XK  — Xn  — iKhXn  - A 


Fdigh#  path  aggie  at  the  cetcff  point  tc  conveniently  deteraine 
through  tg0«-PK: 

P«  = Pn  + ^Pn  + {>i(e-~1)'  ^Pn-X- 

1.5.  Ixaaple  of  calculation  of  aotics  character  istics  of  center  of 
■ass  pf  ugguided  rocket  by  difference  .letlicc  of  nuaerical 
integration. 

Initial  data  of  hypothetical  rocket  let  us  give  in  unit  system 
cf  Sis 


. 1 
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*t4° 


m„-H74  Kn 
|mj  = 86,6  icr'c; 
d — 196  mm; 
t'o  = 55  m z\n> 

®o  = 40°; 

*k—4,6  c; 


SaP. 


0.V 


m0 


= 16,15  m/cs; 


— =148  m/c*; 

ma  ' 


— 1.45. 


Key:  (1)  kg.  (2)  kg/s.  (3)  m/s. 


Is  usual,  let  us  bleak  trajectory  late  twe  section  - active  and 
passive.  For  the  calculation  of  the  first  sccticn,  it  is  convenient 
to  utilize  a system  of  equations  (3.76),  for  the  second  - (5.8).  Ihe 
air  resistance  on  the  first  section  let  us  determine,  after  using  the 
curvq,pgrapbc,(M), presented  if  Fig.  6.1;  cn  tie  second  - by  the 
standard  f unction  oenprised  in  ccnnec.tjcn  with  the  "law  of  air 

resistance  1S43".  Calculations  let  us  ccqdmct  »ith  the  aid  of 
four-place  logarithsic  tables  and  auxiliary  tables  for  Hz(y),n(y)  etc. 


Eaqe  194. 


it  is  checked  the  diaersicnality  of  tic  values,  entering  system 
(3.76),  taking  into  acccuct  that  aany  auxiliary  tables  were  comprised 
before  the  intrcductior  cf  the  system  cf  SI.  isle  system  of 
diftemential  equations  takes  the  following  term: 

« — — [D  — Eu\  p= — — ; i/  = up ; x—u. 

fl  U 

Values  y and  m(y)  -i  diaensionl ess  and  dc  act  depend  on  unit  used 
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system.  The  dimensionality  c£  value  £ 1/s*  i.e.,  is  identical  for 
RKCSS  system  and  SI.  During  the  use  cf  a csrve/graph  c\(M)value 

c ^®«,V  <>  u 

E = — — ® — — cx  i M i. 

2m0  (,Vv 

Eatio  r=—  and  r,  > Mi  -r  value  disensior  less,  tic  the  dimensionality  cf 

U„A 


values 


/w/j 

5 mj,  u ikf c,  6 rac. 


ate  identical  for  both  systems.  Testing  siicvs  that  the  relation 
also  does  not  depend  on  unit  systev,  bet  dvring  calculation  it  is 
necessary  to  bear  in  mind,  vhich  ic  the  majority  of  handbooks  <?o.v  is 
given  in  the  system  of  units  KKGSS  acd  thee 


■•'flV  I Kr-C-  / KT  ■ C2 

«0  i M4  / M 


or  i'3. 


lesides  initial  data,  it  is  necessary  .to  have  a series  of 
valmeS,  determined  on  them  and,  as  a rule,  into  assignment  not 
^Ofmected.  In  ouc  example  it  is  necessary  tc  knev 

p0.  «o,  yo,  no,  cx(M0),  ^0,  ~ initial  thrusit  is  ret  directly  assigned.  It 

is  oeeessary  to  determine  also  £0,  f0  apd  uc.  ifce  named  values  are 
conveniently  calculated  on  auxiliary  form,  after  leaving  for  them 
cplumm  of  the  preccpputaticrs  (see  fen  on  fage  202). 
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fig.  6.1.  Curve/graph  . ,t  m.  accepted  fcr  the  assigned  hypothetical 
icsket. 


Cage  19S. 


lhe  indexing  of  values  during  precc npu.tat ic is  and  during  calculations 
ty  approaches  does  cot  cciccide  with  the  irdexing  of  the  calculated 
values,  which  are  contained  in  auxiliary  fers.  Indexing  is  usually 
dcvelgpyprocessed  in  connection  with  increase  cf  lines  by  numerical 
integration,  i.e. , in  connection  with  tasic  calculation. 


let  us  observe  the  schenatic  cf  the  calculation  of  preliminary 
values.  For  calculation  u04  is  brought  in  tc  icto  auxiliary  form's 
line  120)  and  \ ' 1-+- pi  into  line  (19).  After  ccrducting  division 
(2C) : 1 19)  , let  us  write  in  line  (11)  u0  aqc  will  transfer  its  value 
into  basic  fern.  Value  Po~~S/uo  *e  deternice  directly  from  auxiliary 
table  and  is  also  transferred  to  basic  fora.  Ic  the  diagram  of  the 
basic  for*  of  the  values,  transferred  fron  the  cclunn  of  the 
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praccip utaticgs  of  auxiliary  fcra,  €«pbasi2td. 


Bet  calculation  ye  value  u0  in  line  (.11)  and  value  p0 , placed  in 
line  1 12),  let  us  aultiply  and  transfer  result  into  basic  fern. 


ie  coapute  E0  for  the  torgue/acaent  of  the  descent  of  rocket 
frea  cuides.  Bearing  in  tine  that 

F ■—  S'«S  t,’,,v  r iU  it. 

2m0  t'„.v 

the  calculation  is  carried  cut  in  lines  witl  (2C)  through  (26). 


Ficc  calculation  u0,  first  let  us  deteriiqe  D„  if  lines  with  (27) 
according  to  (33).  Since 

— (Du-E0  ), 

m0 

that  calculation  let  us  ccncuct,  using  lines  with  (34)  on  (38)  . Value 

a 

ua  let  us  transfer  into  kasic  fora.  Initial  conditions  and  the 
calculated  in  the  cciuan  cf  preconpu tations  data  it  is  brought  in 
into  kasic  fora's  zero  lire.  Me  begin  calculation  in  the  first 
approfiaation,  in  auxiliary  fora's  2erc  colcap.  coluan  let  us  fill 

dp ynuard. 


le  find  difference  A«o  = Mo  = 0,5 -113,4  = 56,7  anc  is  brought  in  it  into 


kasic  fcra.  In  tasic  fcra  ac  find  u,  = u0- \u,,  = 42.14  + 56,70=98,84.  On  the 


PIGE 
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auxiliary  table  g/u=f  (u)  we  obtain  plf  it  is  brought  in  into  the 
basic  fora  p1=-Q.0S920  and  we  find  the  difference 


AA>=  Pi—  P0=  - 0,09920  — j — 0,2328)=  0, 1336. 


In  auxiliary  fora  {line  6,  7,  9 and  1C)  we  coapute: 


APo=A/fpu-r~  Ap„)=0,5(-0, 2328 4-0, 6680)=  -0,C 


it  is  brought  in  ipto  basic  fora  and  w.e  ottiin 


p , = p„  + Ap0  = 0,839 1 —0,0830  = 0,756 1 . 


Page  196. 


Id  auxiliary  fern  we  coapute 


r/,=PiMi  = 74,73, 


it  is  brought  in  into  basic  fera  and  we  f in c 


Ai/o  = ;/ 1 — j/o  = 74,73—35,36  = 39,37. 


In  auxiliary  fora  (lipe  1 4— 18)  we  coapute 


A. «/„=  h,  (i + y =0,5(35,36-  19,68)  = 2“,52, 


it  is  transferred  to  basic  fera  and  we  obtain 


MmmmmmmmmmmmmmmmmmmmiBmPiSSBBi"******  J"J'  |ir  j<.,ii|9w^1^ 

T"'7"r ’ ■ ■■■ 
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.Vi  =■  vo  + Avo  = 27,52. 

Ctiliiing  the  obtained  value  y1#  in  auxiliary  fcra  (line  £101  20  on 
38)  let  us  calculate  ut*  122.4,  which  let  ns  transfer  into  basic  term 
and  will  find  the  difference 

•Amo  = Ui — w0=  122,4 — 1 13,4  = 9,0 

Cn  this,  concludes  the  calculation  in  the  first  approximation. 

Calculation  in  the  seccnd  appreae h/ap p rox i aation  we  conduct 
siaultaneously  for  2ero  and  first  lines.  Calculation  we  begin  with 
the  copying  of  initial  cccditiocs  and  upknevn  values  (for  example, 
?«/■<>)  into  basic  and  auxiliary  ferae.  Further  in  auxiliary  fora  we 
ccapute 

A«0  ht  [u„  ■:  ~±urj  (.  1 13,4  -4,51  = 58,95; 

AHi~-  */(«!  • ~ AK>.)  - O/n  1*22.4 - 4,51=  63,45. 


The  siaes  of  the  elements  cf  formulas  ut  ate  &u0  we  take  from  the 
first  approximation.  In  the  final  stages  of  calculation  in  the  seccnd 
approach/approxiaaticn  (lines  frem  2C  cn  3£)  we  compute  ut  - 122.2 
and  Ujj  * 129  j 4 , which  it  is  transferred  tc  basic  torn,  in  oasic  form 


Ahc-=8.8;  aw  j — 7,0;  A*u„=-  — 1,8. 


we  obtain  the  differences 
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liter  this  we  pass  tc  the  calculation  ci  the  initial  values  of 
functions  in  the  third  ap pr c ach/ap prcx iaa tic n.  Calculation  in  the 
third  apprcach/appr.oxiaat  icn  ve  conduct  siiultai cously  fee  zerc,  the 
first  and  the  second  of  lines.  Calculation  »e  begin  with  the  transfer 
cf  initial  conditions  ard  ccnstant  quantities  i (to  basic  and 
auxiliary  foris. 

Fa$c  197. 

he  ccapute  in  the  auxiliary  fora 


A«„  = 

= h, 

A 

= 0,5(1 13,4  4,40- 

• 0. 15 1 

50.00; 

AM, 

h,\ 

(“•  ' 

i 

A«,~ 

a 

3,50  : 

0,151 

A U. 

hi 

1 

AM,  ; 

0,5 1 U.’O.L' 

3,50- 

-0,75 

<16,00 

Ihe  vllues  of  cell/cleeents  mo.  «ii.  «2.  A«o,  Aii,,  AJiio  ee  take  from  the  second 
approlch/approxiaat ion.  Is  transferred  to  the  tasic  fora  of 
difference  Aq0,  Aut,  Au2  ue  ccapute  u4 , ua,  u,-  After  this, 
continuing  calculation,  let  us  fill  the  coluans  cf  auxiliary  and  the 
lines  cf  forus*s  basic  after  nuubeis  r * C,  1,  1.  At  the  end  of 
auxiliary  fora*s  coluans,  uc  again  ccapute  values  Au0,  Aut,  and  Au*. 


Ihis  calculation  is  check 
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lith  the  observance  oi  equalities 

(Auo)i^  (A«o)n;  (A«i)i«  (Aui)h;  (iu2)i=  (Au2)ii  xithin  limits  of  one-two  of  units 
cf  the  last/latter  sign  of  approach/apiproxixaticn  it  is  possible  tc 
consider  final.  Found  three  of  initial  taint  cf  function  mate  it 
possible  to  carry  out  further  numerical  integration  according  tc 
standard  scheaatic. 

the  conaon/geperal/total  schematic  of  solution  during  the 
standard  growth  of  lines  consists  ci  bellowing. 

the  first  three  equations  of  systea  (.2.76)  are  solved  together, 
beginning  with  the  leadinc  equaticr,  in  thie  case  it  is  observed  the 
fcllcning  sequence  of  calculation. 

1.  He  determine  increase  (Au„)i  .ip  the  first  approximation,  cn 
fcraula  of  inclined  lire.  Calc ulatiens  are  conducted  in  the  auxiliary 
f cm 

(UU„\=h,{un  -f  ~ iSH«- sj- 

2.  Iq  basic  forn  we  find 


I.  Osing  auxiliary  table,  we  ceterxinc 
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and  we  increase  table  of  differences  by  derivative  p in  basic  fern 


«.  on  foraula  of  broken  line,  we  determine  in  auxiliary  fere 

1.  In  basic  fora  we  ccapute 


P,+i  = P*+  IP*- 
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Pa^e  198. 


€.  Utilising  u„+1  and  pn4li  ««  detcraise 

®*+i— ®«+i  j/"l+  And 


7. 


after  khicb  »«  iacaeasa  the  tatle  of  differences  ty  the  derivative  y. 

8.  on  foraula  of  broken  line  in  ausilitry  fora,  ve  find 
h </«  — *< 

8.  Iq  basic  fora 

y*  ■(■  a i 

10.  Through  y»+i  aad  i'n-M  ae  fi*ad  values  D„+1  and  £n+l>  entering 
leading  equation. 


II.  We  find 

*(i+l 

and  we  increase  table  of  tiffecences  by  derivative  u in 


12.  We  fiad(Au„)nin  second  approach/ap f icxi vation  through  fcraula 


! 
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of  broken  line. 
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13.  We  amend  in  basic  form  (u„+ 1)1  on  («n+i)n  r.  «„-f(A«n)n- 


This  ends  the  solution  of  three  joint  equations  within  the  limits 
of  one  integration  step.  The  fourth  equation  is  solved  separately, 
after  all  values  u they  will  already  become  known.  Values  x are 
located  for  all  calculation  points  in  auxiliary  form. 


The  procedure  for  finding  the  initial  values  of  functions  by 
approaches  is  represented  in  Table  6. A.  Systematic  calculation  with 
standard  connection  of  the  lines  it  is  convenient  to  follow  in 
digital  material  of  the  basic  and  auxiliary  forms  of  the  example 
being  examined  (see  Tables  6. 5 and  6.6).  They  also  give  calculations 
of  the  characteristics  of  movement  for  the  moment  of  the  end  of  the 
engine's  operation. 


Let  us  calculate  the  coasting  trajectory  by  using  the  system  of 


differential  equations 


ux=  —cH,(y)Q(v<);  px=  — -4-  ; 


yx =Pi  Ar=— ; l/  — . 


1 
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Table  6.4.  Calculation  procedure  during  successive  approxinaticns  fcr 
dctcrainiqg  the  initial  for  values  cf  functions.  Basic  fora  of 
naser-lcal  integration. 


10 


*3 

!I 


■a  a 

4P 


tr 

*/• 

t 

II 

y-pu 

*-u 

M 

y | Ay  y | Ay  A*y 

p Up  I p | A/»  (A*/ 

X 

Ax 

u | Aiz  ] A*a  | u | Au  | A*« 

A^i 

1 

i 

($> 

<§> 

«» 

© 



-(!®Au°:S^ftVAUc 

- J 

a 

© 

hvf 

2 

3 

♦ 

‘(9 

<5> 

HI, 

<sWav^f*L.Ay,jera,y, 

<§> 

f 

— 

-3^ 

l3 

K’Ji 

K*, 

lotas  1.  Initial  conditions  t,-*;/*;  - on  fora  are 

encircled  by  saall  circles. 


2.  Terns,  con pu ted  with  use  of  initial  differential  and 
auxiliary  equations:  y0,  p0;  ufl  - cr  foza  aze  included  into  brackets. 


1.  By  rif leaan/pointez £ is  shear  aegacrce  cf  basic  fora's 
fillieg  during  accoaplisbins  of  app zcacb/apircxiaaticns 


l appnoach/approxiaaticn : 

©A%-*,b^®u,- u,*Au,.-® P,—  I;  **-*,(/%*  y Aft) 

*”*«,;©  Ay,-*-*;®  Av*«(*+  \ Ay,);®  y,-  y,*ay,;  © v,-Uf 


Ke):  1 1)  . on  table. 


-1 

i .1 


id 
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(I  Approach/approxiaation : 


® J A“#):<8)  “f.1®  p,-/>,-Ap,;|@  A'py-Ap,-Ap„)@Afc;>©ji,-/y*Ap,, 

@ il,.|  @ Ail,- >,-*•  1 © A’i- Ay,-Av,;}@  Ay„l®  y,-  y. ‘Ay,;)®  D,;)®  Aii.-ii,  AV  Aii.Au. 

■■  ®Ay.;|®y,  v,  Ay,;|©v,;f@ii,f©Aurur«,;| 


»»;(©  Ay,  v,  V,  ( 

Key:  41).  on  table* 


III  Approach/approxiaation:  sequence  cl  filing  basic  fora  is 
$inil«f  preceding/previcus.  Ciffercnce  is  it  tic  fact  that  is 
conducted  the  calculaticn  simultaneously  3-j  of  lines. 


I 

i 

j iith  the  nocaal  running  of  soli; tier  (strictly  count)  are  aore 

pneciaely  foraulated  the  first  differences,  and  consequently  also 
| very  value  of  function,  crl)  fer  tie  leaders  equation. 


Key:  |1).  approach/apprcxiiaticn. 

Page  100-201. 


■ith  independent  altercating/vaziahle  t tic  interpolating  factor 
is  deterained  froa  the  ferula 


^heref  f—4.6  a - tiae  of  the  ead/lcad  of  the  engine  operation: 


fiGC  -»  78107108 


EIGt  . 


a,-o.5  < - space  o£  integration  lor  tine; 


the  calculated  aoaent  cl  tiae,  which  (recedes  *«. 


Atscissa  of  the  end/lead  of  tke  active  section: 

Jf,  » x,  =■  (gA-t,,  + 1 1564  4 0,2-375.4  + °'2 - (375,4  - 329,1)=  1635  u 


Ordinate  of  the  end/lead  c£  the  active  faction: 


*«"  V.  + hAjr,  + 1038  + 0,2-234.8+^^| — -,(234.8  — 203.4)  = 1083  m 


Velocity  at  the  end  of  the  active  eectiof : vK  -=i»„  + ^au,  + 

- 831,4  + 0.2(940,8  — 831 ,4)  + °'2  (-^  — * [(940.8  - 831.4)  - (831.4  - 


— 727,6)]  = 852.8  tyc 


Key:  { 1)  . a/s. 


flight  path  eagle  at  the  cad  cf  the  active  section  /v  *=  p*  + hcAp, 

+W(y~1)  A^„-,.  0,6294  + 0,2 (-0,006925)  + — (°2?~-‘)  [(-0,006925- 
- (-0.007460)]  -r  0,6280,  wr \ I,  - 32*08' 


Reft  II).  or. 
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Tatle  6.5,  Example  c£  trajectory  calculaticr  (active  section).  Basic 

(on  ft  itHrictl  iategcatica. 


j— 

U 


1 

! A/; 

1 

A-t 

r 

r 

! u j I u i Su  a* t I r | 

^ - 1 » i * 1 ; I 

Cl;  0 f i 1 74_  j 0 I -7.52  35,36,  39,37  0.8391 

1 10, 51 1231  ; 27.52!  ITTW  0,7561 

O'  0 1171  I o 1 28.03  35.36'  41.55  0.94  10.8391 

10.5  1131  j 28,03  49. 04*  76.91,  42.49  41,7607 

2|  1.0(1088  77.071  (119.4  I 0.7256 

o,  o 1174  0 I 28,051  35.36  41,55  0.54  0,8391 

10.511131  - 28.05  ; 48.95!  76.911  42, 0<1  0,11  0.7607 

2 1.0  1088  j 77.00:  70.05  119.0  | 42. 20!  0.8  0 7256 

I ! ! ■ ! 1 j 

31.511014  j 147.0  91,40161.2  i 43.00'  1,8  |0.7008 
I ! 1 ! I i I 

4;2.0U001  1 238.4  113.2  204.2  j 4l.80i  0.3  !0.6822 


10 . 756 1 
l0.839l' 
0,7607 
0.7256! 
0,8391) 
0.7607' 
0,725.6 


4;2.0!  1001  I 238 .4113.2  204 .2  , 41. 80,  0 3 
Ill'll! 
5|2.5  95)7.9  351 .6  135,8  (249.0  I 45,10  2.3 
| I i | 1 | i 

6.3.0,  914,6  487. 4 158.8  1294.1  47  40  •»  2 

I j I I l I 

7(3,5  871,3  646.2  183,0  1341.5  49.6012.0 

8 4.0  828.0  829.2203,4  391,1  51.60  2.8 

94.5  784.7  1038  234.8  442.7  54.40 

105.0)741.4  1273  497.1 


0.6556  ■ 


10.6455 

0,6369 

0.6294 

0.6225 


-0.0830  i— 0.2328  0.1336 
i— 0,09920 

-0.07840  -0,2328  jo.  1.457 
-0,03510  —0. 097 1 210 , 037 48 
—0,05964! 

-0.07840  —0.2328  |0, 1357 
-0 , 035 141—0. 097 1 2 0 . 03730 
-0 . 02478'— 0 . 05982;0 .01717 

i j 

-0.01855  —0, 04265  0 , 00988 

1 ; 

-0.01462  —0. 0327 7 0 . 00647 
-0.01 196  — 0.0263olo.  00443 
-0.01006  —0.02187  0,00333 
-O.OO860J— 0.01854  0.00256 
-0.00746  —0,01598  0,00204 
-0.006925  —0.01394  0.00166 
—0,01228 


• <>''*  e.  TV t’ f o nuance  calculation  at  the  end  of  the  engine  operation. 

Key:  (l'.  Line. 
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Pages  262-205. 

table  6.6.  Example  of  trajectory  calculation  (active  section) 
fcmiliary  fora  of  nuaerical  integration. 


113.4  I 12?.? 

4 VX)  3.500 

0,1500  0.1500 


s|  <4“„), 


~t7 


10  2/ 


ll  »,M- 


4V„_| 

12  " ‘ 


19  1 

20 

21  iiii  . . 

®0.V  ' ',+  ,, 

22  a»+rf  (*'/.+!) 

» *.+  r — 

(22) 

» O <*.  + !> 


22 

M 


56.70  l 5-1.95 
—0.232S  —0.232* 

0.086*0  0.67*5 -10' 

0. *1*5-10' 
l —0.1660  -0.1568 


55.04 

27,52 

1.  05  1.254 

55,00  123.9 

1.0000  0,9971 

341.5  341.4 


126.9  1K0  t 125.8 

63.45  59.00  62  90 

—0.09712  —0.232*  —0.09712 

_1  0.01 674  0.06785  0,01865 

-2  0.8185- 10~2  0.8200- 10“  2 0.8200- 10~2 
—0.07020  —0.1568  —0.07027 


I —0.0830  j —0,07840  — 0.0.-510  —0.07840  —0. 03514 


42  14  98.81  101,1 

0.8391  0.7561  0.7607 


0.9970 

341,4 


0.1610  0,3629  0.3720 


0,7256  0.7607  0,7256 

119,4  76.91  119,0 

76.91  35.36  76.91 

21,24  20,78  21,04 

-0.07833  —0.04500  —0,04500 

98,07  58,10  97,90 

49.04  28,05  48.95 

1.235  1,256  1,235 

203.2  127.0  202.5 

0,9918  0,9970  0.9918 

341.2  341.4  341,2 

0.3T20  0,8934 

0,30  0,31 


II 
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r 

*-2  1 

! 

i 

n—  ' | 

a—  1 

n — 6 

- 1 

1 

j 

n-9 

120,2 

1 '5  3 

142  ? | 

14'-  2 

151.6  | 

164.9  1 

1 

171  1 | 

| 

1-1  5 

3 .S'/’  i 

3.050  I 

3 156  j 

3.500  j 

3.700 

4.150  j 

1 

.,06  | 

5 ?0C 

-0  7500  | 

i 

-0,6750  | 

0 fW.T  ; 

0.01167  i 

0 . 1 »»*»7 

i 

0 ,<:50 

0.375- 

i 

0.5060 

| 

0,3375 

0.4256 

—0.2*  25 

0.1125 

I 

0 1375  I 

° ; 

0,1125 

132/' 

178  3 

1 4t-  • 

152  5 

100  1) 

109 

179  1 

190/t 

66, 0.’ 

1)9.15 

?•<  35 

76  25 

80.30 

84.80  ! 

1 

89.55 

95  15 

— 0.0505 2 

—0  042»t5 

—0  <>32  7" 

026.30 

— 0.0J1 c" 

—0.01854  ! 

—0  6150 -8 

— 0 -l  <94 

0.rl585-10~2 

0.  1945  10-2 

0 7235  10“ 2 

* . 2— 15  - 1^<  “ 

0.1665- 10~2 

1 

0 1280-16  *2j 

,10.6  10“2 

“•■00  \r~ 

O.IimH.IO-2 

0.r>or5- 10— 3 

0.2842- 10  6 

0.1700  10  -3 

0.91O610-4 

0.6417 -10“' 

0 433  '■  -10— 4 

1 . 16"  10 

-O.OI95-. 

-0,03710 

-0.02925 

-0.02392 

-0.02011 

-0,01720 

-0.01492 

-0  013S6 

—0.02478 

— 0,01355 

-0.1 402 

-0.01196 

-0.0100, 

— 0 . R600 • 
•10“  2 

0.7464- K”  2 

—0.6925* 

• 10“2 

230 /J 

299.4 

373.0 

44/60 

529.1 

614.6 

703,4 

79/- 

0.7008 

0/822 

0.6676 

0,655  ’ 

0.6455 

0.6369 

0,-294 

0/225 

161,2 

204.2 

249.0 

294,1 

341.5 

391.1 

442.7 

497  1 

119,0 

161.2 

204.2 

249.0 

294.1 

341.5 

391.1 

442.7 

21.10 

21.50 

22,40 

22.55 

9 

23.70 

24,80 

25.80 

27.20 

— 0.9H7. 
■10~2 

—0,0  *667 

— 0.1500 

-0.0250' 

—0,1917 

—0.18.30 

-0.1667 

—0.2333 

140.1 

182.6 

22/4 

271.5 

317.6 

366.1 

416.7 

469.7 

70,05 

91.40 

113.2 

135.80 

15s. 8 

183.0 

20/4 

234.  s 

1 220 

1.210 

1.202 

1.195 

1,190 

1.185 

1.182 

1,178 

282,0 

3fi2.3 

448.3 

53  .1 

629.6 

727.6 

831 .4 

9’40.8 

0,9843 

0.9747 

0,9.28 

0.9488 

0.9326 

0.9141 

0,8935 

0.8707 

341.0 

340,6 

340.2 

339.5 

339.1 

338,4 

337,6 

3 <6.7 

0,8270 

1.064 

1,318 

1,579 

1,857 

2.150 

2.463 

2.794 

0,58 

0,86 

0,79 

0.71 

0.62 

0,53 

, 0,43 

0.30 

let*.  The  values,  aarktd  in  auxiliary  lore  by  symbol  * 
transferred  to  basic  fern. 


, are 


Re]:  <1).  line.  (2).  Calculated  value.  (2)  - Fre computation 
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n 

* 

P 

P»CM«THan 

n ® 

Hp«  ill  pH - 

leJbithiA 

pacnei 

*~0 

/i  — 0 

n-  1 

n — 0 

a • 1 

25 

■fr-'n.v 

2m  0 

o.iS76-in"4 

0,157ti-16"4 

0.1576- 10— 4 

jo  1576- 10"4 

ll.1576.10"4 

I 

|0-1576-lCi— 4 

26 

E-  (20). (21). (24). (25) 

0.260(1  10“ 3 

0.5441 -10“ 3 

0.5996-10— 3 

0.1016.  to-2 

0.5986.10-' 5 

0.9922-10“ 3 

°7 

r (»n  + l) 

1.0000 

0.99I.K 

0.9987 

0.9910 

0.99.7 

0,9910 

28 

1) 

0.0000 

0.0032 

0.0033 

0.0090 

0,00  '3 

0.0090 

29 

Sap0\ 
m u 

16.15 

16.15 

16.15 

16.15 

16.15 

1*05 

30 

s-y  n-«<  w>- 

0.0000 

0.051 6^ 

0.05 ! 30 

0.1454 

0.053  0 

0.1464 

- (29) -(29) 

31 

P o mu 

148. 0 

148,0 

148.0 

148.0 

148.0 

14«.0 

32 

(30)4(31) 

148.0 

148,0 

148.0 

148.1 

148.0 

148.1 

33 

D _ <“) 

n + 1 (20) 

2.691 

1.195 

1.165 

0,7288 

1.1-5 

0,7314 

34 

(f-£)„+,-(33)-(2f) 

2.691 

1.194  | 

1,164 

0.7278 

1.164 

0.7304 

» 

“(.+ 1 

42.14 

98.84 

101.1 

164.5 

101.1 

164.0 

36 

1174 

1174 

1174 

1174 

1174 

1174 

37  i 

m<l+l”mo-  |m|  t 

1174 

1131 

1131 

1088 

1U1 

1088 

38 

(34)  (35)  (36)  • 
",I+1  (37) 

113.4 

122,4 

122.2 

129.2 

122.2 

129,2 

39 

% 

40 

2 n 

41 

— — 4,-«  , 

12  n 1 

42 

V 

43 

(*«.)ll -*(  In' 

44 

■» 

42.14 

101.1 

45 

2 " 

29.50 

31.45 

46 

~ iT 

—0.3250 

—0,2708 

47 

In 

71,32 

132,3 

48 

35,66 

66.15 
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Table  6.7.  Example  of  tcajectccy  calculation 
feu  ff  ouaerical  integration. 


(passive  section)  . Basic 
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b 

•r 

4p\l0> 

» 

a 

f; 

A// 

r 

A p 

Px  -10' 

!*’*«■•  io* 

u 

0 

1635 

1043 

311.5 

0.*  280 

— 0.01000 

! 

— 1.SX2 

-0.235 

722.1 

1 

2135 

1391 

O.tilM) 

-2.117 

680.7 

0 

1635 

1033 

311.6 

0.6280 

-0.0099 15 

— 0.001195 

-1.882 

-0.227) 

-0,025 

722.1 

1 

2135 

1395 

30  i.  2 

0.6180 

—0.01116 

—2  108 

-0.25! 

682.1 

2 

2635 

1701 

0 . 60  >8 

—2.359 

644,9 

0 

1635 

1033 

311.6 

0/260 

—0.00.79  5 

-0,001195 

-1.882 

-0.22' 

—0,02s 

722,1 

1 

2135 

1395 

30  i.2 

0.6180 

-0.01116 

—0,001330 

—2.108 

-0.254 

-0.021 

682,1 

2 

:.'3S 

1701 

3X..3 

0.60  id 

—0.01249 

-0.001460 

—2.3  2 

-0.275 

-0.02- 

644.7 

3 

3135 

2001 

293.7 

0.594.3 

-0  01395 

-0.001620 

-2.  37 

-0.310 

*— 0.028 

609. K 
(609.9) 

4 

363’ 

2295 

2*3.0 

0.5^01 

-0.01557 

-r>.  00 1780 

-2.947 

-0.338 

-0.039 

577,1 

(577.0) 

5 

4135 

2581 

2 'S.2 

0.5*348 

-0.01735 

-0,001990 

— .4.2-5 

-0,377 

-0,041 

546,4 
(54b, 5) 

6 

4635 

2859 

249.0 

0 5174 

-0.01931 

-0.002190 

-3.662 

-0.4  H 

-0,042 

517,6 

(517,6) 

7 

5135 

3124 

25  <.8 

0.5281 

-0.02153 

—0,002410 

-4.050 

-0  4(0 

-0,040 

490,5 

(490,5) 

8 

5S35 

33X7 

247.4 

0.5036 

-0.02394 

-0,002340 

-4.540 

-0.500 

-0,060 

465.0 

(465.0) 

9 

*135 

3o34 

234,9 

0.4827 

—0.02858 

—0.00290 

—5,010 

-0.530 

—0.0 10 

441,1 

(441,1) 

10 

6635 

3969 

220.8 

0.4561 

-0.02948 

—0.00316 

-5.600 

-0.600 

-0.070 

418,6 

(418,7) 

It 

T135 

4090 

205.2 

0.4266 

—0,03264 

-0,00349 

--,200 

-0,670 

—0 ,0-0 

397,6 

(397,5) 

12 

7635 

4295 

188.1 

0.3940 

—0.03613 

-0,00371 

-5,870 

-0.720 

—0,040 

377,9 

(378,0) 

13 

8135 

4483 

169.2 

0.3579 

—0.03984 

—0.00390 

-7.590 

— 0,7l0 

-0.040 

369,6 

<*5M) 

14 

8635 

4552 

148.4 

0.3181 

-0.04374 

-0,00397 

-8.350 

—0/00 

0,020 

342.8 

(342,8) 

IS 

9135 

4800 

125.4 

0.2744 

-0.01771 

-0.00369 

-9.150 

—0.780 

• 

0,090 

327,6 

(327,5) 

16 

905 

4925 

103.6 

0.2267 

— 0,0*1 *0 

-0.00330 

-9.930 

-0.690 

0,070 

314,4 

(314,4) 

17 

10135 

502  i 

0.1753 

-10,62 

303,7 

(304.0) 

14 

8S?5 

4632 

77.00 

0.3181 

-0. 02140 

-0.00090 

-8,350 

-0,399 

—0.002 

342,8 

15 

88X5 

4 729 

71.00 

0.2937 

—0.02230 

— 0.00103 

-8.749 

-0,401 

0,0!  1 

336.0 

16 

9135 

4 00 

66.00 

0.2744 

—0.02333 

-0,00098 

-9.150 

-0.390 

0,000 

327,6 

17 

9385 

4866 

59.00 

0 2510 

-0,02434 

—0.00094 

-9,510 

-0,390 

0.030 

320,7 

IB 

9535 

4925 

53.52 

0.2267 

-0.02528 

-0.00090 

-9,930 

—0.300 

0,010 

314,4 

19 

9985 

4980 

47.10 

0,20.4 

—0.02318 

-0,00055 

-10,29 

-0,3* 

0,04 

aoe,7 
<30*.  7) 

20 

1C135 

1027 

40.45 

0,1759 

-0,07700 

—0,00072 

-10,64 

-0.31 

0.04 

303,7 

frtv?) 

r-—  cN.(u)G(vr  ) 


-34.90 
(—34  "4) 

—32.fi? 

(-32.79) 

—30,66 

(—30.59) 

-29.79 

(-29.90) 

-27.07 

(-27,07) 

-25,46 

(-25.46) 

—23.92 

(-23.94) 

-22.45 

(-22.40) 

-21.03 

*(-21.07) 

—19,66 

(-19,63) 

—19,29 

(-19.34) 

-16.91 

(-16.76) 

-15.20 

(-15.29) 

—13.16 

(-13.21) 

-10.72 

(-10.42) 


—5.655 

(-5,637) 

—5,032 

(-5.019) 

-4.359 

(-4.410) 


bt  It,  10*  4/  -10»  4-r  .10*, 


1.66  0.22  0 

l.KH  0.31  0 

2.19  0.31  -0 

2.50  0.15  -0 

2,65  -0,09  0 

2,57  0.23  -0 

2,80  -0.75  0 


22.19  0,£025  3,181  0.054  -0.005  322.3 

32,99  0,8165  3.239  0.063  —0.00  ) 314,9 

23.81  0,8292  3.292  0.049  -0.00:  309.3 
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-0.25 
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25 

11385 
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33 
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11815 
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—0.00244 

-12.44 

-0.48 

—0,02 
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2* 

123S5 

5131 

-62 

-0.09088 

—0,05582 

—0.00256 

-12.92 

-0.50 

—0.92 

275.6 
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5M9 

-95 

—0.15 '7 

—0,06840 

-0. 00265 

-13,42 

-0,52 
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270.4 

30 

133  '5 

4974 

-130.2 

-0.2251 

-0.07105 

-0.00290 

-13,94 

-0.55 

—0.05 

265.3 

31 

13*-5 

4844 

—166.4 
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-0.07395 

— O.OO'IU 

—0,003.  5 

—14.49 

-0.60 

—0.04 

260.2 
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14345 

4<>76 

-204.2 

-0.3702 

—0,07705 

-15.09 

-0.64 

-0,08 

255.0 
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1 1885 

4474 
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-0.4172 

-0.01040 

—0.00385 

-15.73 
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—284.7 

-0.5276 

-0.08425 

-16.45 
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15385 

39^5 

—327.8 

—0.6118 

—0.08815 

—0.00540 

—17.26 

—0.92 

-0.16 

(244,2) 

238.4 

—0.00585 

(238.4) 

3» 

16365 

3<_Q7 

-373.2 

— U.7000 

—0.09355 

-18.18 

— 1 ,03 

-0.19 

232.3 

37 

15885 

3234 

-421.4 

—0,79  6 

—0.09940 

— 0. 00700 

-19,26 

-1,27 

— 0.2« 

(232.3) 

225.7 
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(225.7) 

3< 

17385 

2613 

-472.8 

—0.6936 

— 0.1014 

-20,53 
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—0.36 
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39 

17885 
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—0,1150 
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-1,91 

-0,46 
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— 1.114 
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—649.0 
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-18.01 

2.05 

— 0.*  4 

-0.18 

21. "4 

0.8405 

3.341 

0.042 

-0.004 

?o? . ;< 

(-.i.MMt 

—3 . ;«n  • 

(—3.405) 

-13.98 

1.41 

-0.82 

0.75 

25. 4* 

0.8595 

3 383 

O.O.lfi 

-0.002 

297,8 

— i.f»4s 
(— 3."1“) 

-12.55 

0.59 

—0.07 

—0.11 

26.33 

0.8588 

3.421 

0.03-i 

—0.001 

29  < 4 

-2  922 
(-3  I'l^) 

-11.9 

0.52 

-0  1* 

0.1: 

27.19 

0.8688 

3.457 

0.035 

—0.001 

2-9.9 

—2 .815 
(-2.7-5) 

—11.44 

0.34 

—0.01 

-0.11 

28.0  > 

0,8772 

3.492 

0.014 

0.000 

286. 1 

i-Y.iii) 

-11,10 

0.33 

-0.15 

0.1H 

28.94 

0.-R56 

3.52  • 

0.031 

0.000 

283.7 

— J.t>«  w 
(—2. ♦•35) 
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0.18 

o.0< 

-0.11 

•29.82 

0.8912 
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0 000 
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-10,59 

0.21 

—0.11 

0 1 < 

31 .72 

0.9028 

3,594 

0.031 
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27P.9 

( — 2 . (»55  > 

—2.580 
(—2 , 55«  > * 

—10.38 

0.10 

-0.02 

-0.0:, 

•1.82 

0.9112 

3,62“ 

0.0.5 

0.0ft) 

°76  <i 

-2.5  0 
C-2.5'2) 

—10.2“ 

0.08 

0.0< 

0,08 

32.51 
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0.035 

0 000 
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0.01 
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0.035 
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(— 2.5V) 

-2.545 
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-10.19 
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-11.8> 

—0.78 
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— 7.W5 
(-7.0.5) 

-13.5# 

-1.24 

-0.27 

0,23 
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2.250 

4.431 
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2*8  fi 

— 7 .780 
(-7.810) 

—14,8,3 

-1,51 

—0.04 

—0,30 
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0.K0 
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-8.550 
(—8.*  00) 

—16.34 

-1.55 

-0,34 

0.35 
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(— 9.;.00) 

-17,89 

—1.89 

0.01 

5 i . 54 

2.513 
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0,042 

302." 

-10.38 

(-10.49) 

-19.78 
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59  08 

2.666 

2.836 

5.193 
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0.355 
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Note-^n  brackets  are  given  the  results  cf  calculation,  obtained  in 
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the  first  approximation, 


Key:  |1).  line. 


Cage  2 IQ. 


Ihe  here  leading  eguaticn  is  the  first.  Initial  conditions  for  a 
passive  section  correspccd  to  the  finite  values  of  the  cell/elements 

cf  trajectory,  determined  in  the  preceding/previous  calculation. 

-*«.=  ■*<>  = 1635  m;  8k  = 6o=32<>08'; 

*/k  = !/o-^  1083  m;  ©«=•»«,= 852,8  m/c; 

tg  «k =tg8„^pk= 0,6280. 

tej:  1 1J  . a/s. 


Icrtheraore,  on  passive  section  tie  Height  cf  projectile  Q«=686,46 
n*  factor  of  fora  i « j=  1 . U 5 and  the  greatest  diaaeter  of  nose  ccne 
d •#  196  aa.  It  is  obvioes  that  the  dimensionality  of  the  values, 
entering  the  last/latter  three  equations,  are  identical  for  a 
technical  systea  agd  fer  the  systei  cf  Si.  ihe  dimensionality  of  the 
first  equation  is  also  identical  for  both  systcas  ux  s"».  Ballistic 
coefficient  c the  function  cf  air  resistance  G(©T)  have  diaensiocality 


in  the  systei  of  SI 


(0  (U)  (A) 

r m*/h  h G(©,!h/m*  c,  a 


Key:  1 1)  . a*/M  (!/>).* »d.  Ql.  hi  /m** 


I 


V 


7 Ui  i.julw  nw  I . 
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E IG I -K" 


V>(/ 


Id  the  technical  systea  c *a/kg  and  Of11''  kgyi*  s.  In  last/latter 
dimensionality  are  coaprised  the  corresponding  tables  for  G(:'0  Height 
cf  rocket  cn  the  passive  section  ct  (idles*  and 


idi  (o 

r =~—  10*  m*/h. 

0« 


Fey:  II).  m*/h. 


■ tiring  the  use  of  the  existing  tables  G(v*)  it  is  necessary  to 
take  into  the  calculation 

O(t»,)ch  = 9-8066O<^)t*«- 

a«/v 

Si  fee  v,—v  — , that  diaensiceality  aaaa  coincides  for  a technical 
systea  and  the  systea  cf  SI.  If  during  calculation  the  ballistic 
coefficient  is  calculated  it  systea  cf  practical  units,  then  value 
G(u,)is  taken  directly  fres  table,  lhe  space  of  integration  we  take 
/ix-500  a.  lhe  calculation  cf  the  original  values  of  functions  with 
aptprokch/approxiaatic.ns  and  the  order  cf  the  grewth  of  lines  ace 
visible  from  basic  design  sleet  (tatle  6.7)  . 


Beginning  froa  14  lines  (with  v - 4K.  55S.£  a/s)  we  decrease  the 
space  of  integration  2 tiies,  using  Bessel's  interpolation  fornula 

y i = J.?+'  + 9" L- (a*^ -f- i^ter  tie  passage  cf  the  interval  of  the 

velocities , close  -to  the  speed  of  scund,  beginning  with  27  line  (with 
v = SC  280.8  a/s)  space  we  increase  2 -tines.  Calculation  of  the 


cell/dleaents  of  notion  in  peak  of  tbc  trajectory  and  at  impact  point 
is  given  in  at)  exasple. 


r 


w 
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Fage  211. 

1.  notion  characteristics  in  peak  cf  tie  trajectory. 

the  interpolating  tactcr  is  cetecxinec  irci  following  formulas, 
la  the  first  approximation, 

L/ — = - -M),]066, 

A/'„  ( - 0.03078) 

where  p„  - last/letter  tabular  value  tg«„tc  apex/vertex.  In  the 
second  approach/approximaticn 


— isn  — Isi 


t5|(»l  ~ I)  A 

2 A />* 


= 0 U)S6  _ 0. '066  (0,1060-  1)  _ (-0.00058)  _ ()  1()-- 
' ' 2 ( — 0.0.3078) 

kfcscissa  of  peax  gf  the  trajectccy  duimg  integration  with 
iadepeodeat  alternating/var iahle  x 

**“*•+ ***,=•  1 1 635  — 0.  HI"  ■ 250  - 11652  u;x,,~  11635  a;  A, 

-250  a (apace  of  integration  for  x). 

Ordinate  of  peak  gf  the  trajcctcry: 

yJ  = v«-Lijd(/,-  — ~ — — aV-i= 

= 5154  - 0.1075i -3.015)  _»•  I075(.M075-J)_U  3f0,5)_ 4.608j= 

=5164  a. 

fine  of  the  aebieveaeft  of  peak  of  the  trajectory 

, : v J-5l*LriL  A*;  - 

= 28.94  4-0,1075-  0,8858  - io73(o .107-5 —_i ) j0 f8838  _ 0.8772] 

(')  * 

= 29,03  c. 


1 


y ■ 


r 
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Key:  11).  s. 


Velocity  in  peak  ci  tic  trajectory: 

= + ~ A*®*-i  = 

= 283,7  + 0. 1075  (283.7  - 286,3) + ° ' 1070  (0  ^°7a  ~ - \ 
i ..  Xi[283, 7 - 286, 3]-[286, 3 - 289, 9])=283, 4^/0. 


IIj  Nation  characteristics  at  iafact  feint. 


Interpolating  factor  in  the  first  approximation,: 


Sci  ~~~~~~  “ 


575 


*Vn  (-728) 


= 0,7898. 


{age  2 12. 


(n  the  second  apprcach/ap  prox  iaat,icn : 

Sci  (Sci  — 1)  &yn- 1 _ 

2 A! In 

0,7898(0,7898—  1)  (_-  -728)  — (-649)  _ 
2 ' (-728) 


Sc  — Sen  — Sci 
=0,7898- 


= 0,7988. 


flyiqg  range  during  irtegraticn  fcith  independent 


alteraatiqg/ variable  x: 

•*c=JC,+Sc*x=  19385  + 0,7988-500=  19734  u. 


■light  path  angle  at  ispact  point: 

Pc  — Pni-  S c^Ph  x — — • A’/P/i-r  = 

= ( - 1 ,379) + 0,7988 ( - 0, 1572) - ^i88^7988-  !> x 

(o  2 

X(— 0,0178)== -1,532,  H4H  8C==56°52’. 


h 


1 


l 


- 

t 


I' 
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Key:  |1).  or. 


Ccaplete  flight  ti ■« : 

<C-<„  + icA'.+  fcl*-"  4%„- 


Key:  11).  s« 


=61,74-0.7988-2  828  4-  °-7988<0-7988- D x 

2 

X(2,828  — 2,666) =63,99^. 


Velocity  in  inpact  paint: 

*c  = + 1cAt> . + — -1'  A**'ir-1  = 


Key:  11).  ■/»- 


= 310,5  4- 0,7988 ( 3 1 0,5  - 307 ,3 ; -f  Q' 7988 (0-7988-  l)  x 
X I(310,5  - 307,3)-(307,3  - 302, 7)1=313, 2 ii/c. 


1.6.  lunerical  differentiation. 


Obtaining  derivatives  of  the  functions,  assigned  tabular,  is 
realised  by  nethods  of  nunecical  dif ierent ictief.  In  this  case, 
usually  is  differentiated  tie  interpolating  furction,  comprised  with 
the  constant  space  of  argunent.  Since  fer  iedependent  variable  during 
the  cgnpilation  of  the  standard  inter p c lat i tg  functions  is  taken  £, 


dy  dy  dt  1 
y*~~dx  ~ di  dx  ~ k, 


Page  313. 


Icr  the  horizontal  line  of  consecutive  cell/elements,  the 
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interfclat ing  function  takes  the  feza 

^ w=m-j>  lV  ,6. - 

After  dif f ereotiat ioa  we  will  ettain 


</;= ~ [ A y.  T y 13-  1 > AV  + y (3?*— 6E  4-2)  A»y.].  >6. 23) 


a the  second  derivative 

l 


y‘x  = - js  ( A*«,  +18 — I) A**/,]. 


(6.24) 


After  accepting  foz  the  fixed  point  l=|n  = 0,  we  will  obtain: 

y*n=-h 7 ( A.W,  - “ A*;/n  + y A*i/.); 


y*n=-n^ly*-  a*#.) 


(6.  25) 


Ice  t|e  broken  line  cf  fera  ,^/we  will  obtain: 

</,=  ~ + y (2V—  11  A’^  + y (3?-  l)  A*{/»-i]-  (6.(26) 

It  the  fixed  p^iat  cf  "a" 

^.=£T  ( A.v,  - y AV..,  - y A*!/.-,).  (6. 27) 

lakiqg  iqto  account  a difference  in  tie  first  and  second  orders, 
we  will  obtain  froa  (6.27)  the  fccaula,  usee  ic  the  theory  of 
corrections  (chapter  XI), 


• 1 — »«-i 

2A.r 


(6.28) 


1-7.  Icthod  of  the  nuaecical  solution  ol  tit  spatial  problem  of 
guidance. 


Is  the  basic  systea  cf  differential  eqtatiens,  which  describes 
tke  tkree-diaensional/space  controlled  flis.lt  with  guidance  to  the 
rapidly  aoaed  targ et/pur poses,  let  us  take  systea  (4.2  3)  . Let  us 


I 
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exaaine  the  order  of  the  numerical  solution  cf  this  system.  The 
values,  which  correspond  tc  calculation  point  in  the  trajectory  in 
questmen,  let  us  supply  with  index  i,  tc  the  precedinq/pre vious  point 
- (i-1),  and  following  - 1)  - 

let  us  establish  the  values,  which  det$rnine  the  position  cf 
(lane  of  interception  for  i~th  point  in  the  trajectory.  Frcm  (4.30) 
it  fellows 

rt  i ~ V (■*«  / — xn?  +(*■  / — / )*. 

(age  214. 


On  the  basis  of  (4.33>,  we  find  the  sui  cf  the  angles 

;U  I — *|.  I 


l*’o+v)/  = arctg- 


i — *p  l 


cn  the  basis  of  (4.29).  let  us  find 

i/u  i yp  i 


|i#=arctg 


The  angle  of  the  slope  of  the  instant e r ecus  plane  of 
intcrecpticn  to  horizcntal  plane  let  us  determine  fro*  the 
re  la  t|cn6h  ip/ratioi 


— arctg 


IgA,  + «gj*f  COS  Ok  i 
Sin  0.  I COS  V; 


the  angle  between  the  intersection  of  the  plane  of  interception 
with  horizontal  plane  (lice  dl)  ard  the  selected  reference  direction 
Cpt  let  us  define  as  angular  difference 


The  coordinates  of  target  and  rocket  is  the  instantaneous  plane 
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cf  interception  let  us  Had  fees  (A. 35),  tut  the  position  cf  the  line 
cl  sighting  will  be  detcriited  by  aqgle  Y>-  cp  the  basis  of  (4.37) 


COS  vi# 

yn  Xj 

y u i . 

a Xj  — Hal 

tgf*i # 

sin  n' 

COS  V/ 

y?ii 

Vpi 

■v  ij  = yp  t 

'g  V-i  ' 

sin 

Y/  = arc  tg 


Pail  it 

v v 

“x , Hi 


further  calculation  defends  cc  the  selection  of  guidance  method. 
fci  eganple,  lor  the  group  cf  the  Betheas,  united  by  the 
sign/cr itericn  of  the  ciiectaticn  cf  velocity  sector  relative  to  the 
lice  cf  sighting,  it  is  necessary  tc  use  fcnules  lor  value 
deter ■ inat icn  of  lead  accle.  For  the  tethed  of  pursuit  * it h 

ad  vaiwje/ prevent  ion  at  fixed-lead  angle,  it  is  necessary  to  take 

ap  = apo  = const 

and  then 


?i  = Y/+Opo- 

Bet  the  method  of  half  approach,  it  is  necessary  to  use  the 
fctsula,  which  determines  cre-half  angle,,  vticb  corresponds  to  the 
ccnditicn  cf  ideal  advance/pre venticn. 


Buring  the  calculation  of  the  iissile  targeting  according  tc 
pursuit  curve  the  gttaired  previous]}  fcrsclas  can  be  converted.  In 
this  case  «p  =* 0,  the  velocitj  vector  cf  rocket  meet  coincide  with  the 
direction  cf  the  line  cf  sighting,  q\=Vi;  n.=0,  and&=vj.  it  is 
cbvicas  that  tg8<—tgp<  aust  he  detcriinec  according  to  formula 
(4.29) , and  tg&<  = tgv(  is  deteraired  from  fcriula  (4.32). 
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Bith  three-diaensicnal/space  cccstaqt  tearing  guidance  it  is 
necessary  to  ensure  in  the  process  ct  guidance  the  invariability  cf 
angle*  4,  and  <4r0  + v),-.  kith  this  lir.e  cf  sightirg  will  remain 
parallel  tc  itself.  Thee 

tRil  o~vi1—tg(*I‘(1~v)0  — const; 

r r i ( ■'ti  xy  ill  1 tg!  ( M ,,  — f-  V t0. 

luring  calculation  tgv;  and  tgx.  and  in  further  calculations  it  is 


necessary  to  take 


t1; =(*•«= arc  tg 


y» o~  y po 

(A'uO  — Apo)  1 1 + tR2  (’1  0 + V)y 


lead  angle  is  located  tren  the  ccnditicn  cf  the  ideal 


ad  vance/pr e vent ion 


sinap/  = -!!-i-sin  aui. 


Bith  guidance  according  to  the  sethod  cf  ccincidence,  the  angles 
cf  sighting  and  rocket  Bust  te  equal,  also  ics,t  te  equal  the  azimuths 


of  target/purpose  and  rccket  or  ancles  Axpi=Ax 


The  direction  of 


the  line  of  sighting  nust  pass  through  the  crigin  and  in  this  case 

ft  = Ep/  = s«/=arctg 


sin  !i,=  ■ 


R«Spc-H»oely  T„  = 0 *.%■*<*»  v,==arctg 

lith  any  aotion  characteristics  of  tar cet/pur pose,  the 
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icf tactaneous  plane  of  interception  and  tie  lire  of  its  intersection 
with  horizontal  place  acst  pass  through  the  origin,  but 

Xt  li  = xfi*  x“tl  — xa/- 

lead  angle  in  the  iDStantaneou*  plane  of  interception  is 
detenined  from  foraula  (4.5). 

aith  the  method  of  proportional  approach,  the  lead  angle 
cirectly  is  not  calculated,  but  is  determined  derivative  of  lead 
angle  ficn  fornula  (4.15).  iactor  of  preport icr ality  a is  selected, 
on  the  basis  of  reguireient  to  obtain  toward  the  end  of  the  guidance 
c t the  condition  of  encounter  with  tarcet,  rest  favorable  for  a 
specific  case.  An  increase  in  the  lead  angle  is  calculated  by 

roiaetical  integration,  after  which 


aPu->-i)=api'Jr^api- 


Eage  2 16. 


the  initial  value  of  lead  angle  a0  cap  be  taken  either  on  the 
basis  of  guidance  aethed  or  three  points,  or  cn  the  basis  of  the 
■ethed  of  half  approach. 


After  the  deteraination  of  the  leac  argle  and  angle  <r,  the 
angle  cf  arrival  let  us  tied  frea  (4.24),  argle  £>  from  (4.26)  and 
the  aagle  of  rotation  of  trajectory  fcci  (4.27): 

sin  6;  = sin  y,  sin  sin  = t?  9,-  ctR  /,*,  V,  = Vw  -U « . 
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the  elevation  p f the  velocity  cf  rocket  is  equal  to 

wp  i — vp  i sin  6,. 

Increaents  of  coondinates  Ai/pi  is  located  ty  numerical 
integration.  If  we,  for  exaiple,  with  difference  aethod  of 
integration  use  the  horizontal  or  fczcken  tails  rows  of  finite 

differences,  then  let  ur  have 

A yv , = h,  , -L  ~ Att'p  ,•  - A 'wr 

after  ahich  increase  > and  Mill  find  iron  (4.39)  and  (4.40). 

cot'i'i  _ . sin  I',- 

An  . *• 


A^Cp  / ~ by  p i 


A-p  / - A yfi 


tg  9,  ■ " *”  lg  8( 

the  coordinates  of  position  of  the  center  of  nass  of  rocket  for 


pcint  i* 1 Mill  be  equal  to 


■*p(/^-i)=JCp/  + axp(;  ,Vp(/+n  — {/pi + Ai/p,;  'p(/+i)  = Cp/  + A?P/. 

A change  in  the  velocity  of  the  center  of  aass  of  rocket  is 
lccatcd  ty  the  nethed  of  successive  app roxivatiens,  since  for  the 
direct  use  of  eguation  (3.17)  insufficient  data  for  deternining  the 
drag  of  X (there  are  nc  angles  cf  attack  aco  slip  - a,  and  fM-  In 
the  first  approximation,  ue  find  drag  tc  ope  of  the  netheds  of 
aerodynamics,  on  t|e  basis  cf  the  fuiatioaai  dependence 
w^/i==/l{/p(/-»;  t>p (.— d;  M,_,;  Re,_,;  a,_,;  it  t.  a.), 

Key:  11)-  and  so  forth. 


Mhfre  °i-i  and  Pf-i  etc.  correspond  tc  pzececing/pcevicus  point  in  the 

trajectory. 


L L 
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foe  the  beginning  of  calculations,  the  ancles  of  attack  and  slip 
■nst  be  selected  according  to  initial  ccnditiccr.  The  value  of 
derivative  *>p  at  i-th  [ciqt  in  the  first  atprciiaation,  will  be 
egtal 

vp  i\  — X~  — g sin  6f. 

k velocity  increaent  let  as  figd  -by  nuierical  integration  for 
the  f^rnulas  of  t^e  horizontal  cr  it cken  .lire  ,cf  the  lines 

(kvpl\  = ht  [^n  + ~ A*fP  (/—!>), 


after  which 


Page  217. 


(‘t'l-  <- -i>)i"=-*P,  — 


The  angles  of  attack  and  slip  «•  aqd  P*  are  located  froi  the 
ioraulas  through  £'p>  and  derivatives  W,  a an  Mf„  which  are  deterained 
hy  the  nethod  of  numerical  cif f erentiat ion.  Usitg  procedure  described 
above*  along  the  values  of  the  notion  characteristics  of 
target/puepose  for  i*1  pciqt  *“«+»>  J/w»+ »>  ^uu+d.  hf+i.  a„(i+i)  and  along 
obtained  values  *w»+n:  1/po+d:  2po-hi;  L'p(i+i)  m calculate  0i+i  and  ^r<»-  After 
carrying  thea  into  the  table  of  differences,  let  us  find 

A8,=e,+1— e,;  hV,=r,+1-q-, 

and  let  us  increase  table.  Cn  the  fcraulas  cl  cunerical 
differentiation  taking  intc  account  the  third  differences,  we  will 


ct  tain 
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Balance  angle  is  ap piciiaately  eg  sal  tc 


<*«/  = - 


mt 


p,+y : 


r(^/®/+^cos  ®/)» 


a aagie  of  slip 


c m/v t co*  6 ii't 

?6‘  Pl+Zt 


leu  it  is  possible  to  calculate  Ig  h_he  second 
approeeb/approxiaatien  drag  data 


and 


xn\  = f(y9ii  vti;  M,;  Re,:  a5,;  ff6,) 

_ Pt-Xn, 


uf  /it  - 


■/esin  6,. 


k velocity  increnent  (A»P<)n  and  it  he  retired  velocity  cf  rccket, 
which  corresponds  i»1  tc  the  acaent  cf  tine,  ue  find  in  the  fora 

(*P<<+l))ii==‘0p/+(A®p/)ii- 


the  difference  betueen  (®P</+i,),  and  (oP((+))),i-  as  a rule,  is  saall 
aad  it  is  possible  not  to  repeat  the  ccrvexricn  cf  all  values, 
correspcndng  to  i*  1 to  poiqt.  For  further  calculations  one  should  use 
the  refined  value  (fp«-M>)n 


Eage  218. 


1.8.  luaerical  integration  cf  the  differential  equations  of  external 
ballistics  by  ^unge  - Kutta's  netted. 


j d 


[I 

) 
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is  the  basis  cf  /uoge  * Kutta's  acthod,  is  placed  tbs  axpansicn 
cf  the  unknown  function  y - f(x)  about  its  hncw?  point  (x„y„)  in  pcwer 
seiies  in  tarns  of  arguaeat  (x  — xn)\ 

(x  — x„)m  (w)  ,6.  29 1 

m!  y" 


, . . , (x  — Xs'f  . 

y=y« +**-*„) y,  -r — ™ — */« 


2! 

Ixpansioq  Bakes  it  possible  tc  obtain  the  value  of  function  U(*n+hx) 
in  teras  of  the  known  icitial  value  of  function  y(x«)  aqd  cn  space//,. 
The  unknown  subsequent  value  of  function  is  equal 

{/«+i  = j/.-f  A//,- 

Basia  calculation  fonnula  fee  dcteiaiqatic o ^ n takes  the  fora 


Ay* 


- g (^1  T"  2kt  — 2kt  ki ), 


(6. 30) 


there 


f/l^hxf(xn;  u„): 

*2 = *,/  (*,  --  a,;  .v,  + y *, ); 


(6.31) 


As  an  exaeple  let  as  give  the  scfacaatic  of  the  solution  of 
systen  of  equations  {J.fcQ) 

. P—  X 

v= tr sin  ©;  8(/) wh)ipi/l;  p = rsin8;  x — vcosb. 

ffl 

light  part  one  aquatics  of  the  vrittec  systea  there  is  a 
function  of  three  variable  paraaeteis  - velocity,  tiae  and  flight 
altitude,  since  a change  in  the  angle  0 in  lligbt  tiae  by 
pcedeterained  prograa.  Following  tic  equations  represent  by 
theaselves  the  velocity  functicn  and  tile.  It  is  possible  to  write 

y.  t\;  8 = /,(/);  y = f,(v,  t);  x=  ft(v,  t).  (6.32; 


J 


1 
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let  us  designate  the  terms  of  ccaacn/ceneral/total  formula 

i 

(6.301  ton  the  first  equation  through  &«•  for  the  third  equation 

tbxc  09b  /,  and  fqs  the  fourth  through  m,.  acgetber  must  be  , j 

integrated  the  first  and  third  equations,  fie  cider  cf  tne  I 1 

calculation  of  cell/eleaents  n«1  cf  line  bj  ge  - Kutta* s aethod  on 
basic  foraula  (6.30)  is  represented  in  tahle  (€.8)  . By  ( 

rif leaan/p ointers  it  is  shown  sequence  accciplishing  the 
pr ccess/operations  of  count  for  the  eguatiers,  solved  together. 

. 

Sage  a 19. 


the  application/use  cf  common/general/tctal  formula  (6.30)  with 
the  calculation  of  coefficients  k,  in  (6.31)  requires  the  fourfold 
sukstitution  of  th,e  corresponding  values  of  argument  and  functions 
into  fundamental  differential  equation.  This  leads  to  an  increase  in 
the  vqluse  of  calculations  during  the  growth  cf  lines  in  comparison 
with  difference  with  method.  Method  is  insensitive  tc  errors  and  dees 
net  contain  means  fee  a coijtrc  1/chtck  ir  the  process  of  calculations. 
Ihe  large  advantage  of  method  is  the  uniformity  cf  calculations  for 
all  jqints.  Hethod  does  net  require  initial  approaches  and, 
therefore,  can  have  one  program  for  entire  range  of  integration  by 
In  constructing  a program  and  flsVH,  can  render/sbow  more 
convenient  following  foraula  for 

^ ~^r  1^1  1,  -f- 1,),  (h.  33) 


! 


i 
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Table  0.8. 


0)  5t  •*  u c / f ? ?*'r*?*rnod  H + 1 cnponu 


£ 


m,=  htf,a’n:i.:) 


■’*  ■ ’ :>7*  7 -')  -j •T  ,t".  + rty)  I 

,/  * ! 
. y*;  * vj,  t f: ♦ -*?♦)  — 1 'f — • 14  • ^ £«/y  trj  * ^t)  I 


k.+  2l<«  + 2l<.+ku 

.vj„=  ^ - 


Ay#- 


Vfl**=  * A t V 


y,.f  =y, +Ay, 


jt,..  = .r-.  + ixn 


tm j:  1 1 ) . Calculation  o f cell/clements  n*  1 cf  line. 


Eage  220. 

§ 2.  if  plication/use  of  electronic  digital  ccmpwters  foe  the  solution 
cf  the  equations  of  external  ballistics. 


2.1.  Bcductioq  of  the  eguatiens  of  eiternal  ballistics  to  the  form, 
ccoiemient  fer  programing  and  ccmpilatioa  cl  algorithms. 

the  preparation  of  the  systems  cf  egpiaticcs  of  external 
ballistics  for  the  coapilaticn  cf  detailed  algcritha  and  programming 
ccqsists  Id  two  basic  operations.  Ibe  first  cf  them  the 
transf erna ticq  of  the  differential  seccnd  cider  eguatiens  into  the 
system  of  equations  of  the  first  cider,  in  accordance  with  the  rule 


l 


A 
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cf  a decrease  in  the  order  cf  derivative,  each  second  order  equation 
aust  ke  replaced  by  tuc  first-order  equatiers.  Second 
prccess/operation  - this  grouping  a i)c  early  calculation  cf  the 
entering  the  equations  constant  values. 


let  us  exaaine  the  ccapilatiop  cf  the  algorithm  of  the  solution 
cf  siaple  systea  (3.76).  The  fcasic  systea  ci  differential  equations 


takes  the  fora 


— = -i  dP  s . du  dx 

dt  (*  d>  u itt  " dt 


Here  all  the  equations  - the  first  orccr  acd  systea  is  suitable 
for  farther  uork.  Auxiliary  foraulas  under  the  assuaption  about  the 
ccaetancy  cf  fuel  ccnsuapticn  per  accord  take  the  form 


“=  — ; m = m„  — \m\t\  v — u ) 1 — /»* ; 

/Hq 

2m0  <io\ 


let  us  isolate  constants  for  cie  calculation  of  value  and  let 


designate  then 


Irrtheraore, 


- —P 0.  - — SaP 0.V  SeO.V 

l_mo’  r,_  m0  ’ r,_  2mo  ' 


m _ m0-  |mj  < _ j |mlf.  |mj 

/Fig  /HQ  fttQ  /HQ 


Algoritha  aust  contain  liaitaticn  on  integration  limits  of 
s-ystea.  In  liaitation  it  question  systea  they  can  be  superimposed  on 
time,  cn  velocity  or  on  p ky  the  inequalities 

1*0  > !»>tV 


T 
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Limitations  09  coordinates  usually  are  cot  conducted. 

due  of  the  written  inequalities  oust  be  used  foe  an  introduction 
into  Algoritha  and  prograa  cf  juap  if  cct  operation.  After  the 
teraiaatio.n  of  cycle,  for  exanple,  when  p = the  juip  if  not  operation 
rust  ensure  passage  to  calculation  with  |i=HK=const  and  C = 0.  In 
this  sense  the  preferable  systems  cf  equations,  which  allow  with  the 
observance  of  other  ccnditiccs  cf  tews  calculation  for  the  active  and 
passive  trajectory  phases  without  a change  in  tbe  basic  system  cf 
equations  and,  consequently,  alsc  programs  for  ETsVM. 


Pace  221. 


In  the  aualgaaated  fora  tbe  algorithm  cf  the  solution  of  the 


sydten  in  guemtion  will  he  written  as  tfcllews: 

d^-  = ~[0-E\u\  ^ = ---1 

dt  fi  at  If 

du  dx  dt  . 

-~=up\  — -=«;  — =1. 

dt  dt  dt 

Auxiliary  formulas  tah*  the  fera 


(6.  34 


(6.  35 1 


v=u\  1-^;  D=  — { r,  -f- r 2 [ 1 — .n »)) ); 

(t^!  r-l-rj. 

In  the  second  equation  of  basic  systea  for  relatively  snail 


trajectories  g - ccnst.  Depending  09  tbe  neater  of  significant 
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digit*,  taken  in  caicu lat ic rs,  cnt  should  tcke  g=9. 80665;  9.8066; 
S.8C7  and  9.81  a/s2. 


Seeing  calculation  E,  th«  function ‘VM>  can  be  utilized  either 
independently  or  ip  product*  Vl  , l~/  /, ii'1  a*c  v*rx  ^ ^ =/2(r).  in  the 

latter  case 

E = c%  -f . (6.36 

voM  l' 

Junctions  f»iy)  atd  fa(v)  change  acre  ssccthly  than  they 

just  as  cx  they  can  te  calculated  previously. 


It  is  aost  frequently  during  calculations  necessary  tc  use  the 
value*  of  functions  c„(M), 7i(t’0  and  h(v-,),  those  obtained  fer 
terrestrial  conditions  at  tie  speed  cf  soayd  °o.v-  In  these  cases  it  is 
ceccssary  during  integral  use  C,(M)  te  define  e as  where  «,  they 

au\ 

find  f res  (2. 102) : 


Vr-V  y 

If  is  previously  ccspriscd  function 


qV 

T 


i,(v<) 


when  cks.  then 


asd  then 


Cage  322. 


c'(~)  v'  ]/ T~  = c>  ~ /il*'1  '6.37 

°0.V  \ fl0A-  1 V V ‘•'oat  V T0.v 


If  is  precosputed  functio*  h(v-),  then 
f.{v)-=t*rxl  — )^- 


/Jl_) 

1 - — c i 

' v-  j 

1 " r*l 

\ ao\  * 

~ /;  t It  ' 

T... 
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and  then 


/ «'«  | 

: =<-s  -iL  -1-  =rsJL  /f(Wt) 


iV  £ 


(6.38) 


Po-V  Ta.v  * -OAT 

The  coapilaticr  of  the  part  cf  the  cc 1 1) c r/ genet al/t ot  a 1 
algorithm,  which  concerns  tie  scluticr.  cf  systes  of  equations  ty 
lunge  - Kutta's  method,  let  us  observe,  after  writing  tne  algorithm 
cf  the  solution  of  system  {3.76}  at  the  first  two  spaces  of 
integaatioa.  During  the  writing  of  algcritha,  let  us  designate 
k=h,  -^-(D—  Eiu;  l=—h,~;  m = h,Up\  n=h,u.  (6.34) 

the  variable  values,  which  relate  to  C-cl  and  l-o  1 calculation 
pcinta,  let  us  supply  with  the  doutle  .irdices  tie  first  of  which 
ccrrespcnds  to  the  nuabcx  cf  the  ccaputed  print,  the  second  - to  an 
iadex  cf  coefficient  in  ^unge  - Kutta's  fotiula.  For  example,  values 
fcx  a aero  point  will  have  the  indices:  DB»  - fee  determination  k0l, 
E0a  - ter  determination  koa;  Cc3  and  D<j*  they  will  enter  into 
fcxaulas  fer  ha3  and  k04.  Ihe  algoritha  of  solution  let  us  carry  in 
table  6.9  and  6.10.  Numerical  solutions  by  the  written  algorithm  for 
the  ffrst  and  second  space  cf  integration  arc  utilized  feu  the 
adjustment  cf  program  aid  centre  1/check  of  wachine  count. 

If  is  utilized  Mi’,).  the  calculation  of  coefficients  in  Bunge 
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- Kutta*s  aethod  will  te  several  other,  that  it  table  6.9  and  6.10. 
let  ejaaple,  for  deteraini?g  tbe  coefficient  k12  order  of  calculation 
nil!  be  following: 


Vrl2=Vj2 


*»*  12  -m  / . » 

V 


^1  1 — (! 


I m\  1 


V ): 

f T0/V 


(6.40) 


l*i : h. 

1 ~C4  *—  j 


f*l 2 ' 


£ace  223. 


Buring  the  use  of  fuccticn  tbe  fcriula  for  calculation 

llt  kill  take  this  fora: 

I ml  1 | , ">!  1 \ 

Iflih-r— ) 1 Ui-t  — I . 

fi2  = 's — I — |6.41) 

<-'n.Y  | V 

Formulas  for  deter linaticn  t’12 ,v-ai.D,_  and  coefficient  k,2 

kill  ceaain  without  charge. 


Ihe  fourth  differential  eguation  cf  systea  (3.76)  is  solved 
separately  in  the  fcllckicg  order; 


1 
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for  the  first  space  of  integration  (zero  point) 

n,  , = //,«,;  rt,  : — h,  ^ «„  j 


«o  3 = >U  | « 


1 ill.  U 


A-c0  = -i-  1.  «„ , -n„  2 --  2n„  3 -■  n0A  1;  .v,  — x„  Aa  „ ; j 

fox  the  second  space  of  integration  (first  jci«t) 

n, , = A,u,:  «,  „ = h.  I u.  — k-±l  ; n — h I • ) 


nt  „ 

= */(  «i  ' 

*1 1 . 

" 2 /• 

n\  3 ~ 

>’<  ( ui 

, ■ k, 

“l  "Tl 

l:  "n 

~ h:  ■ «i 

■ f'\n >; 

A.c,  - 

T1”11  " 

3/7,  2 

; 3/i,  3 • 

»i«'; 

•*2  = .t,  ; A-V,.  I 

the  system  of  equations,  which  demcriits  together  tne  action  of 
the  center  of  mass  of  rocket  and  oscillaticis  relative  tc  the  center 
cl  mass,  is  considerably  k ie  ccsplex*  he  kill  obtain  a similar 
system  in  the  form,  suitatle  for  procraxmint.  Utilizing  (J.37)  and 
(3.411,  the  equation  of  the  rotary  motion  ci  axis  of  rocket  relative 
tc  axis  Oz  1 and  kinematic  equations,  let  us  write  the  system,  which 

describes  the  flat/plane  axial  motion  cf  the  rocket 

mv  = P — X — mg  sin  6; 
mv9  — {P  f ) *la  — mg  cos  8; 

V .1/,,;  y — x» sin  0;  x = vcos6\  a = 8 — 8. 

fact  224. 

Utilizing  the  dependences,  attained  into  §§  3,  4 and  5 chapters 
II,  let  us  discover  the  values  of  the  parameters,  entering  the 
last/latter  system 
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net  ^ 


for  the  first  space  of  integration  (zero  point) 

n, , = «.,.=*,(  4'v'):  I 

, , ,N  I 

n0 3 = /ii  ^ u„  J 


Ajc0 = — i n„  t •*•  t’n„  2 — ‘2«„  3 --  n0  4 >5  xi — AA"u  * 

6 

fox  the  second  space  of  ictegratioc  (first 


n12=h, 

fw> 

*.i . 

T>' 

Hi  3 -=  h,  ( «1  - ; | 

ni  3 •=**(«!- 

V n - 

h,  u i - kn\ ; 

o 

1 ’ nn-- 

I 

feift) 


((i.  43 1 


*^Al  g l^J  1 -^12~r-4/Ii3  ^14 1? 

‘^2=='^lT  A^i- 


She  system  of  equations,  ubich  describes  together  tne  motion  of 
the  center  of  aass  of  rocket  and  oscillabicts  relative  tc  the  center 
cl  mass,  is  considerably  me  ie  ccnplei.  Me  kill  obtain  a similar 
systes  in  the  form,  suitable  for  fiocraiainc.  Utilizing  (1.37)  and 
(3.4H,  the  eguaticn  of  the  rotary  action  cl  axis  of  rocket  relative 
tc  axis  O-z  t and  kinematic  eguaticrx,  let  ux  write  the  system,  which 

describes  the  flat/plane  axial  motion  cf  the  rocket 

mv  = P — X — mj;  sin  fi; 
mvO=(P  — )'a)a  — mp  cos  0; 

./*,&=  V'W*. I u = t)sin0;  x = dcos0;  a = & — 0. 

lace  214. 


Utilizing  the  dependences,  obtained  intc  §§  3,  4 and  5 chapters 
11,  let  us  discover  the  values  of  the  paraicteis,  entering  the 
last/latter  system 


i 
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lot  ghort  trajectories  it  is  passible  to  substantially  siaplify 
eguat^cns,  after  accepting  functions  * ( y)  ~F(y)  z:  1-  In  this  case, 
the  error  sill  not  virtually  influence  the  final  results  of 
calculation.  Further,  after  using  the  «ethca  of  a decrease  in  the 
order  of  derivative,  let  us  replace  the  ncsental  equation,  which 
represents  by  itself  tb€  differential  seccnc  order  equation,  with  the 
syetea  of  two  first-order  equations,  laking  intc  account  this  we  will 
obtain  the  following  systea  of  equations  it  which  for  simplicity  of 
recording  it  is  accepted  that  C*(M)  =c„  psgm; 

■ t’  sin  6; 


Pll  i 1 p t P . 

— — St. i,  \Vt'a  — — cos  6; 

mv  2m  v 


S'-'o.v1'- 


i ! m*,  I a — 


2 ^ m :: 


» = t/  x*  sin  6;  jc  = dcos8;  a = fl—  8. 

Further  transf oraaticqs  are  connected  kith  the 


(6. 45) 


ffiaisEims  an 


*vr 


-A 
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ejception/elinination  of  the  process/cf erat ions  of  calculating  the 
relations  (or  products)  of  the  pro ceter »in« c cccstants,  and  also  with 
accomplishing  of  the  prccess/operaticn*  ahcie  different-scale  values. 
Let  ts  write  two  first  equations  of  sjtftes  <6«U5)  in  the  fern 


v =- 


— — ~ Wo n&cx  I - g sin  8; 

m0  2m0  1 

6 = — -l  — — SQ^vcla  | — — cos  * 
m L ngv  2 m0  J v 


Pag*  225. 


Patio  n0/n  caq  be  converted  as  follows: 

«o  _ m0  _ 1 1 


m0  — | m | ( 


1 — — t 

m 0 


1 -t-  *i« 


m0 


In  the  case  w^en  is  known  the  initial  value  of  the  iroirent  cf 
inertfa  7Zi0  and  value  ccrrespc  rding  to  t be  end/lead  of  the  active 

section*  and  the  law  of  a change  of  it  is  accented  linear*  then 

±j.  , si. 


J 1 J fi 


\ ^.(A  / 


Jt,o  1 1 —*•*/) 


where 


AAt  ---  J • , ♦>  — J ;.*• 


1 1, 


thus* 


l 


1 


J',  0ti  — *2/) 

After  replacing  further  the  ccqstapt  values 


2 m0 


r,: 


21 


r,: 


f,0 


27 


2,0 


4 
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with  their  designations,  let  us  lead  systea  (6.44)  to  the  following 


1 + k\t 

6 — — — ( - r.vc\a ) — cos  8;  I 

1 + *1/  \ v " ! v J (6.  t*i i 

= 1—~  {<'sv*  | m*,  | a -i  r4t>  | m'"’<  j u>;,  ; 

knt  — 1 1 

# = u),,;  y=v  sin  8;  Jc  = fcos8;  a— « — 6. 

in  tits  given  fore  the  systea  i«  sets  convenient  for  programming 
it  comparison  with  the  pteceding/pre sicus  feras  cf  its  recording 
(€144),  (6.45). 


1 1",  — - r,t>V  r t — £ si  n 6;  \ 


the  systea  of  differential  equations  fee  .an  inactive  leg  with 
iadepeedent  alternating/ var iable  x is  scaewtat  simpler  than  examined 
higher,  and  consequently,  is  siaplei  the  a-lccrithm  of  its  solution  by 
rxii^ge  - Kutta's  method.  Let  us  take  system  (5.8)  and  let  us  discover 
value  cf  Bt 


du  ,,  v dp  g du  dl  1 

— — — r/y, 1 1/ 1 <7 f x/T t:  — J-= — s.  ; = — _ — 

dx  dx  a2  dx  dx  a 


Ea.ge  22b. 


Auxiliary  formulas  twe 


r=-~-  10*;  vx  = u\r  1 - p*  1 /X  , 

V«  ) T 


Busing  the  writing  of  algorithm,  let  us  designate 

k-^  — hxchU  n/iOir,  1;  j 

l = h<  1 “ -t)  : m-hxp\  n = . I l6''1' 


ucc  =*  laioTics 


““ 


Is  before  the  variable  values  k,  1,  a,  n let  us  supply  with  the 
double  indices  the  first  of  which  ccrrespcuics  .tc  the  number  of  the 
confuted  point,  the  seccnd  - tc  at  irdex  fit  coefficient  in  Runge  - 
Kutta*s  formula.  The  algorithm  of  solution  let  us  carry  iq  table  6.11 


and  6,.  12.  The  fourth  equation  can  be  solved  separately  in  the 
following  erder: 


*)  for  the  first  space  of  integration  (zero  point) 


n„ , = A,  — ; n0,=  hx  (-  — — 

Uq  *l\  1 

l -f  — 


wo  3 — h ( . ’ not  7 A > ( . 'l  ' 

I *0  2 V ul)  T *11  J 


bf  0 : — (re0  1 ~/l„  2 ~n0  9 I n0  « ' 

D 

“f”  AV 


k)  for  the  seccnd  space  of  integration  (first  point) 


nll=hr  — 


; «j  2 — h*  ( 'j  ^ 

“ U + 


S' — A i ( 


( — ~ )’  j-— ); 

I , *1  2 V “1  + *1  3/ 


A^i — g ‘ n\  i "i~  2 “^i  s i 


tt  — -f-  A/i 


2.2.  preparation  of  initial  data. 


i 

i 
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the  initial  data,  which  determine  the  solution  cf  different 
prcbless  of  external  ballistics,  cap  be  broken  into  three  large 
groups.  To  the  first  group  ere  should  relate  the  initial 
design^ weight  parameters  of  rocket  or  projectile,  to  the  second  - the 
initial  conditions  of  action,  also,  to  the  third  - the  value,  the 
function  and  the  paraneters,  deter  lined  by  the  aodel  of  the  Earth  and 
atsesphere  accepted. 
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Edges  227*228. 


Table  6.9.  Becording  of  the  algoritfea  cf  scJuticn  at  the  first  space 
cf  integration.  Powered  flight  trajectory. 
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lable  6.12.  Recording  of  the  algcritho  cf  solution  at  the  second 

space  of  integration.  Itactivc  leg. 


Pemaeuoe  y psbhchhc 


du  dp  p 

—~=-eH^y)G  tv,, 


«’n  = «i  I H-  P\ 

„ . Vv 

"til  = t’u  I — — 

I T(i/l) 

*ii  = —hxcH^(y i)  <7(1-,,, i 


-4) 

“i  / 


mi>  - x 


"tlj  “ t»12  • 


m13  A,  X 

^¥)  t(^Wl  ‘i-v 

/ mn\  H 

*12  art  — Aj;0A/,(!/1  + ~^r)(i  ("tlj) 


+ (a  + 2 f ln  = hxK 

j/^  x[-pfe)’] 

*13  = - ( y t + y)  ° 


>13  = *3:  X 

xT-— 4- 


t-14  = (“1  + *13)  l^1  + (Pi  + (is)*  /l4  = A,  x 

. . ..  i / !"* . . r g 


t.4  "m|/  t(jii  + mi3) 

*14  ~ i + i"u)0(",i4) 


g 

(“1+  *i;)? 


±u\  — — [*n  4-  2*12  4 2*13  + *14] 

0 

*P,  - T x 

At/i  ~ — X 

0 

X ( /1 1 4 2/12  4 

X (**11  4 2mi2  4 

+ 2/ 13  + /14) 

4 2/7*13  4-  *7*14) 

«2  = *1  4-  Afli 

P2  ~ p | + ip. 

#2  =■  y,  + i*i 

B«y:  i 1)  . Soimd  aguaticn. 
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She  first  and  second  groups  of  initial  conditions  are  mutually 
connected  and  are  deterained  ty  tbe  type  of  ballistic  task.  For 
exaaple,  during  the  solution  of  tbe  first  (straight  line)  problem  cf 
external  ballistics  for  tbe  unguided  rccket  on  povered  flight 
trajectory  it  is  necessary  to  knou:  initial  nass  - a0,  thrust  E0  and 
its  change  in  height/altitude  or  tfc«  flea  ute  per  second  cf  mass  -|m 
the  nozzle  exit  area  - S.,.  the  significant  cimecsion  of  rocekt  (TRS) 

- tore  or  the  area  of  aidsection,  aercdynaaic  ccef ricients  - 
depending  on  the  formulation  of  the  ptcblea,  tbe  operating  tine  cf 
engine  - the  initial  parameters  cf  aoticn  - v„,  e0,  xa , y0.  For 

tie  calculation  of  the  inactive  leg  and  trajectory  of  artillery 
shelly  rt  suffices  to  knea  veight  Q,.  size/c i ae rsions,  aerodynamic 
characteristics  and  the  initial  conditions  cf  action.  During  the 
generalized  scluticns  of  ballistic  problems  fci  the  projectiles  of 
terrestrial  artillery,  is  sufficient  tc  kncn  tbe  ballistic 
coefficient  of  c and  tbe  initial  conditions  of  xction  vQ  and  e0.  As  a 
rule,  in  the  initial  stages  of  the  design  ct  initial  data  proves  to 
be  insufficiently  for  ccaplete  performance  calculation  of  motion.  Fcr 
exaaple,  for  a ground-based  rocket  system  can  be  at  first  assigned 
only  aeight  head  (ccmbat)  of  part,  saxiau-B  end  ainimum  firing 
distance.  1 this  case  tbe  aissieg  fcr  calctlaticns  values  are 
deterained  in  the  process  of  ballistic  design. 
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The  third  grout  of  initial  data  is  uecessaty  during  the  solution 
cf  anj  ballistic  task  and  tteir  ccncrete/sp ecif ic/actual  enumeration 
depends  on  the  assumptions,  accepted  with  comparison  of  differential 
equations  cf  nation. 

y f on  sufficiently  strict  setting  the  pctertial  of  the  force  of 
gravity  and  the  acceleration  of  gravity  cat  te  determined  ly  fcinulas 
(2.15}  and  (2.21).  Values  a- *{y)- H [y)  are  the  function  of 

-l>A' 

height/altitude  (coordinate  y)« 

lerodynamic  character i st ics  are  criterial  and  functional 
dependences  (§  d,  chapter  II).  The  named  ftrcticns  ace  determined  by 
the  state  cf  the  atmosphere  and  by  the  fora  cf  flight  vehicle,  are 
assigned  they  in  the  fcrir  cf  curve/graphs  ci  titles.  Since  the  tables 
cf  the  numerical  values  cf  functici  and  itm  c i t ve/graphs  can  be  made 
up  cne  according  to  other,  the  similar  functicrs  accepted  to  call 
tabular.  Tabular  functions  are  introduced  ir  ElsVM  or  iu  the  form  of 
the  approximating  polynomials  cc  directly  ty  table. 

Irogramming  with  the  use  of  the  tabular  assigned  functions  has 
some  specific  special  f e a t u re/ pec ul ia r i ties  . Frier  to  the  beginning 
c t calculations*  the  table  cf  the  values  ch  fucction  is  introduced 
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into  storage  unit. 


Page  234. 


Curing  storage  of  the  tabular  assigned  function  in  the  "memory"  cf 


aachine  in  main  program,  is  included  tie  .subprogram  for  the  selection 


cf  the  corresponding  value  cf  function  with  tie  aid  of  interpolation. 


If  tatle  coapletely  cacr.ct  be  placed  iq  the  "memory"  of  machine,  then 


it  "coagulate",  i.e.,  tfcey  enlarge  tabular  space.  Between  the 


assemblies  of  interpolated),  tabular  function  is  determined  from  the 


ap  pregimating  polynomials.  Consequently,  iiftc  tie  "memory"  of  aachine 


together  with  the  tabular  values  of  functicf  must  be  introduced  the 


coefficients  of  the  appreciating  polynomials.  This  method,  besides 


the  large  storage  capacity,  requires  tie  ccrsicerable  expenditures  of 


machine  time. 


Our  opinion  the  preference  stcald  return  tc  the  method  of  the 


introduction  of  tabular  functions  kith  the  aid  cf  the  previously 


ccnpcsed  approximating  polynomials.  luring  the  eppl icaticn/use  cf 


this  lethod  the  interval  cf  the  variation  ir  tbe  independent  variable 


they  divide/mack  off  on  several  finite  intervals.  For  each  of  them. 


they  replace  tabular  furcticn  by  certain  pclynciial,  close  in  its 


fen  tc  function  on  the  section  in  question.  Tbe  degree  cf  each 


polynomial  and  its  coefficients  are  selectee  sc  tnat  the  values  cf 


I 
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pprepr 

iate 

values  of  fu 

ncticn  fer 

lly  pe 

r bis 

si  tie  error  i 

n 

icn  cf 
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ccrrectness 

cf  the 

tiring 

the 

use  of  princi 

pie  of 

the  v 

aloes  cf  function 

and  its 
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sc  adjacent  i 

nter  vals . 
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eery  of 
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whose  degree 

dees  ret 

this 

f C IB 

has  the  foil 

owiny  form 

cl  recording: 


y = «/„  — (I/O—  i/t)—~  X)1  (—'  ~"r°  ~ ^1. 

(*1~X0)3 


(x0  — x)(x,  — X) 


. '.6.501 


y4  - value  cf  function  at 
(dy/d*)  0 and  (dy/dx)  4 - derivatives  at  the  sane  points. 


(*>  — -*o)2 

where  y0  and  y4  - value  cf  function  at  the  end/leads  of  the  section; 


If  the  immediate  deter ainaticp  cf  the  talues  of  derived  at 
end/leads  cuts  is  iapossible,  the  calculation  ct  derivatives  at 
end-pfints  can  he  Bade  kith  the  aid  cf  the  lethcd  of  numerical 
differ entiaticn. 


the  coefficients  of  the  approximating  pclyrcaial  are  calculated 


jj 


previously  even  in  the  process  cf  the  preparation  of  tasx  for 
sclut^cn  by  ETsVN.  Curicg  the  appl ic at icn/use  cf  a aethod  cf  the 
appro* iaating  polyncaials  icstead  of  tie  introduction  into  the 
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"nenory"  of  the  nachine  of  large  in  volume  tables  and  programs  for 
calculating  the  values  cf  functions,  it  is  necessary  to  introduce 
1 only  snail  tables  of  the  coefficients  of  the  polynomials  indicated. 

•I  Page  235. 


u 


lh«  jnnp  if  not  operation,  cn  which  is  realized  the  selection  cf  the 
corresponding  groups  of  these  coefficients  fcr  calculating  function 
value  within  the  Units  of  the  coccrete/spccif ic/actual  interval  of 
independent  variable,  is  itcluded  in  tie  main  program  of  the  solution 
cf  pollen. 

§ 3.  8se  of  the  electronic  enalcg  ccaputers  fcr  the  solution  of  the 
preblens  of  the  external  lallistics. 

The  electronic  analog  computers  continuously  reproduce  the 
physical  process,  uhich  interests  researcher,  in  the  form  of 
vcltages.  This  analogy  is  reached  Icy  tie  fact  ithat  the  process,  uhich 
occurs  in  electrical  circuit,  collected  in  lachine,  is  described  by 
the  sane  differential  equations,  as  exanine/cccsiderea.  Change  in 
different  electrical  values,  in  that  of  nuciers  and  voltages,  tc  easy 
write  and  to  obtain  in  the  fern  cf  cut  ve/graphs.  The  interpretation 
cf  curve/graphs  with  the  ap plicatic n/use  of  corresponding  scales 
takes  it  possible  tc  es tat  1 ish/ins ta 1 1 not  ccly  qualitative  picture 
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I 
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c£  phenomenon,  but  also  the  numerical  values  o i different 
characteristics  of  process. 

Analog  computers  are  structural  type  icdels.  They  represent  by 
themselves  the  totality  cf  the  separate  units  each  cf  which  is 
intended  for  accomplishing  cf  one  cr  several  elementary  mathematical 
pieces s/operations. 

function  generators  cf  analog  .computers  they  are: 

- units  of  operational  amplifiers  - fid; 

■*  units  of  constant  coefficients  |scale  dividers)  - flC; 

- units  of  variable  coefficients  - BEK; 


- functional  boxes  - FE; 


*»  units  of  product  (au  It  ipl icatic  n)  - £l). 


Aet  us  examine  briefly  tie  designaticr/purpcse  of  each  of  the 
units  indicated. 


the  units  of  operational  amplifiers  occupy  in  machine  the 


\ 
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central  place.  Their  basic  cell/eleaent s ait  tfcree-stage  (as  a 
dc  aaplifiers  (UPT)  with  high  amplific aticr  factor.  BOU  fulfil 
ptccess/oper aticns  of  algebiaic  sunaticg,  integrations, 
differentiations  and  inversions  (aultiplicatio-i;  by  minus  unit) 

Bering  the  solution  ci  probleas,  , frequently  appears  the  n 
the  ailtiplication  cf  fencticns  by  certain  constant  coefficien 
< 1.  this  process/operaticn  is  realized  witf  the  aid  of  two-  o 
3-decade  dividers  cf  voltage  (units  of  constant  coefficients). 

the  units  of  variable  coefficients  provide  the  possibilit 

obtaining  the  dependence 

Utux=ka(t)U„, 

there  UBblx  - output,  voltage) 


(/„  voltage  input; 


^ - constant  coefficicct; 


y(t)  - a variable  coefficient. 


1 


rule) 
1 the 


eed  for 
t of  k 
r the 

y of 


I 


I 
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Pace  2 36. 

the  realizable  with  the  aid  ol  the  unit  cf  variable  coefficients 
function  is  divided  according  to  argument  iito  several  (to  100) 
intervals  and  after  its  stewed  ap  p i cxiia  t ion  and  passage  to  machine 
variables  is  unsoldered  on  the  panel  of  the  unit  in  question.  Figure^ 
6.2  depicts  an  example  cf  this  reorganization  of  function. 

functional  boxes  make  it  possible  to  assign  the  known  previously 
dependence  y=f(x).  Hide  application  found  tie  function  generators, 
made  gn  diode  schematics.  Curved  (Fig.  6.3),  subject  to  reproduction 
with  the  aid  of  fuccticral  tcx,  is  appicxiicted  by  the  linear  cuts, 
uhicu  have  the  specific  angle  of  the  slope  with  respect  to  the  axis 
of  abscissas,  and  the  obtaiced  linear  cuttirgs  erf  of  function  then 
they  are  reproduced  with  the  aid  ol  dicce  cell/elements. 

finally,  the  units  cf  product  are  ii^teidcd  for  accomplishing  cf 
the  prccess/operat  iens  cf  a triplication  (division).  The  product  of 
tec  flections  at  the  output  of  unit  (BU)  is  represented  in  the  form 

U U xUy 

* 100 


L. 


i 
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F£g.  6.2.  Stepped  approximation  of  fuoctio|. 


Big.  6.3.  Approximation  ci  functicfs  Kith  tie  aid  of  lineal  cuts. 

Eage  237. 

lithout  possessing  if  tigh  accuracy  (error  in  the  calculation 
for  the  majority  of  analcc  computers  3-10c/c),  analog  computers  make 
it  possible  to  reveal  tfce  qualitative  picture  cf  phenomenon.  They  ate 
irreplaceable  during  tfce  ic ves tigatiens,  ccrnecteJ  with  the  study  cr 
the  effect  of  different  perturbation  factors,  which  act  cn  rocket  in 
flight  (see  Chapter  XI).  The  electronic  ansieg  computers  can  work  in 
natural  time  scale,  which  prevides  tfce  possibility  of  their  use 
together  with  real  controlled  systems  whose  werk  does  not  yield  tc 
precise  analytical  descripticn  (autcpilct,  c cn t rol-dri ve , etc.). 

Tfce  study  of  spatial  icticn  of  the  guiaed  missile  in  complete 


setting  (with  least  possible  number  cf  assuipticns)  in  analog 


computers  represents  by  it§elf  complex  problem.  In  a series  c£  the 
cases*  it  is  got  possible  tc  solve  two-ciae csic pal  problem  within  the 


liaits  of  the  assumptions*  generally  accepted  during  numerical 
integration.  This  is  explained  by  the  fact  that  the  aerodynamic 
forces  and  ter gue/acaents  nonlinear  depend  cc  lany  variables  - a,  p, 
v*  etc.  The  known  from  the  aathenatica 1 theory  cf  electron  analogues 
methods,  which  make  it  possible  tc  sclve  problems  with  the  functions 
c£  aany  variables*  also  are  very  difficult  curing  practical 
performance.  Therefore  the  solution  cf  the  complex  problems  of  the 
theory  cf  flight  it  is  sore  expedient  tc  cany  cut  in  digital 
electronic  computers.  Or  models  are  solved  the  problems  with  the 
sup pleaentary  assumptions*  determined  by  the  special 
feature/peculiarities  of  the  ccncrete/specii ic/actual  machine, 
planned  for  use. 

3.  1.  Be ter mining  the  motion  characteristics  of  the  center  of  mass  of 
the  unyuided  rocket  on  powered  flicht  trajectory. 

let  us  take  already  known  to  us  system  (3.H),  which  describes 

the  flat/plane  axial  antic*  cf  the  center  cf  mass  of  the  rocket: 

— = — (D  — E)u\  — = - — : 

dt  * dt  u 


dy_ 

dt 


-up\ 


dx 

dt 


— U, 


where 


v l mo  nto 

E=cH(y)Q{v 


X / 


j|  i ppiyiip  ii  x 
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Assuming  subsequently  tc  utilize  £cr  solution  simplified  linear 
LIAO 

simulator  hwpar  1,  we  decrease  a ember  cf  no  (linearity  in  equations 
and,  consequently,  also  a quantity  cf  ncqliiear  units  iu  schematic. 


Page  238. 


For  the  concrete  definition  of  the  solved  t <sk  as  an  example,  let  us 
conduct  calculation  in  connection  kith  the  bellowing  hypothetical 
initial  conditions 

0 = 1.8  m;  tti0  = 96 0 kt • c2/m;  |m|  = i6  kt’- c/m;  tK—2 0 c; 

_ i*> 

/>o  = 34  000  Kr;  Su  = 0,5i  M-,  xo  = 21O0  m;  i/„=2200  m; 

0o  = 5O°;  i«  = 1 ,2. 

Key:  (1).  ky«s2/a.  (2).  kg«s/n.  (3).  s«  (4).  kq. 

Taking  into  account  that  under  conditions  cf  an  example 
dependence  Bq/®  (t)  bears  the  weakly  expressed  curvilinear  character, 
let  us  replace  it  with  the  linear  function  l(t),  presented  in  Fig. 

€.4. 

Jroduct  (D-E)  u is  the  function  cf  many  variables.  Taking  into 
account  possibility  im-u-1  and  the  qualitative  character  cf 


investigation,  let  us  present  it  siiply  as  junction  only  of  of  cne 
value  and  will  designate  <(t).  Being  oriented  teward  the  data  of  the 


I 
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tra jectcries,  close  in  the  iasic  parameters,  let  us  accept  for 

calculating  the  fuoctici  #(«) 

H (y\~H\ i/cp ' % 0,5;  n (y)^n\  ycl>)  0,5. 

Ihc  neutral  flight  path  angle  let  ci  accept  e = 8Cp^4303r.  Drag  let  us 
calculate  with  the  use  cf  the  standard  functicr  G(v)  within  the 
limits  cf  the  expected  change  in  the  hcrizcttal  projection  of  speed 
3tC-8C0  a/s.  Plotted  fuccticn  4 (u)  = (D-E)  u and  that  approximate  it  in 
unit  EE  broken  line  are  sbcin  on  Fic.  6-f.  Thus  previously  let  us 
calculate  and  approximate  function  f(u>=g/u,  the  curve/graph  by  which 
is  shewn  on  fig.  -fcxJ  6.6.  laiirg  intc  accourt  the  introduced 
simplifications  ar^d  designations,  iasic  syften  (1.76)  will  take  the 


—=—/(«);  ~=up\  — =u.  (6.51) 

at  at  tit  at 


*«C  9 78107109 


EJGE  'S' 


rig.  f«4.  The  approxiaatic*  of  tiac  fuoctic/  a0/a  (t) : 
curve}  2 - linear  approximating  dependence. 


calculated 


fig.  i.5.  Approximation  of  functicr  *(u):  1 - calculated  curve;  2 - 
trekee  line  approximati ng. 


fe j:  i 1) . m/s2.  (2) . s. 


Eage  239. 


in  accordance  with  the  principle  cf  tie  operation  of  simulator, 
the  differential  eguatiens,  which  describe  tie  electrical  process, 
which  occurs  in  it  durieg  simulation,  a is  t te  the  same  as  the 
differential  equations,  which  describe  real  process.  Let  us  write 


machine  systea  of  eguatiens: 


dCu  _ b I I . dUP 

— /((,<  .-(B),  — 

it  T i/T 


•IhJL  b L r • 

dT  - *SL  “L  p* 


d\ 


/ (u  , 

«• 


Hexa  Uu,  Unt),  U,(U),  UHuh  (Jp,  Uv.  Ux  - the  voltages,  which  characterize  on  the 
appropriate  scale  of  the  functions,  narked  in  irdex;  k1#  k*. 


k j and 


I 
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k , - generalized  scale  factcrs. 


Tie  parameters 

of  real  process 

let  us  ccgnect  with  voltages 

through  the  scales 

u nu)  «.)/(«'; 

■ 

^ /</)  = v-zin  f '/); 

^ // J 

1 

L-  f(«)  = !*•?(«>  9 (u  i; 

! ,6.53, 

1 

! 

L'p=^pP' 

T = (!,/. 

I Substituting  (6 

.53)  anc  (6.52) 

and  gpcnprng 

all  scale  factors 

1 the  eight  sides  of  the  equations,  tie  vill  citair 

the  generalized 

S cc«tf;cients,  which 

i 

consider  the  relaticgship/ratios  of  the  scales 

j 

b - 

k £p_. 

i 

4 

B) 

(6.  :4 

fc  — >*•»  . 

"3  — > 

*4-  ^ • 

(*<(*« 

Gc  tie  idsis  of 

the  operating 

vcltage  cf  amplifiers,  equal  tc 

ICC  V,  tne  initial  conditions  cf  task  and  eiyected  chanyes  in  the 
valves,  eg  teting  the  systems  o£  equations  it. 52),  moreover  the 
fcllcming  values  of  scale  iactors;  p,  = | lf/s  (prctlea  is  solved  cn  the 
full  scale  of  him*)  ; Mu=0.1  V«s/»;  4p-j0  *5  ha*>  = 1 V ; M,„„  = 25C  V«s/1; 

M-(ni  s V«s*/m;  h*  = pw=0.CC1  V®  or  1 V/ku. 
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Vi 
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Fig.  6.6.  The  approximating  function  t |u)  : 1 - calculated  curve;  2 - 
t re  ken  line  approximating. 

Kej:  |1).  1/s.  (2}.  a/s. 

Sage  240. 


li»«  generalized  diaensicnless  coefiicients  in  systea  (6.52)  in  this 
case  aill  be  egual  to:  it=0.1;  k^=C.i;  k3=C.CCCl;  k4=0.01. 


the  systea  of  eguatiens,  ccnvcited  to  set  in  aachine,  takes  the 
folloting  fora: 


jj  r dU  1 1 

0,1  Um  t/fW;  = — 0;2U/iu); 

at  dt 


^=0,000 2U,U-,  ^=0filUa. 

dt  tpdt 


(6.551 


the  solution  <?f  the  citaiaed  sjsto  fit  egaations  can  be  realized 


two 


ia  standard  linear  analcg  ccaputer  -Lmu- 1,  iy  which  aust  be  given  feur 
nonlinear  units  (2  units  IE  and  2 EU).  The  llcck  diagram  which  aust 
te  collected  for  t^c  sduticn  cf  pieties,  is  represented  in  Fig.  -to" 
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Ben linear  units  (FE  and  BU)  are  depicted  in  the  diagraa  by 
rectangles,  the  units  ol  oonstant  coef  t icicrts  ace  depicted  by  snail 
ciccles  and  the  units  of  operational  amplifiers  are  depicted  in  the 
feen  qt  triangles  with  the  indicates  cf  the  tade  by  this  unit 
prccess/operation.  For  eiaaple,  nark  -£>—  slows  that  the  operational 
aapli|ier  works  as  integcatieg  unit;  nark  -£>—  - ns  inverting  unit; 
nark  •{!>—  - as  sunning  unit,  etc.  Bunkers  cc  triangles  correspond  tc 
the  naabers  of  operational  anplifiers  in  -tie  setting  field  of 
■achiac. 


Fig.  1.7.  Block  diagram  of  the  set  cf  (task  for  aachine  solution. 

(age  241. 


let  an  example  of  the  value  of  the  reicvcd  frea  machine  voltages 
in  guestion  ace  placed  in  ''fa  tie  hf  1.12.  There  are  placed  the  values 
cf  aoticn  characteristics,  converted  along  icltages  taking  into 
acccunt  scale  of  coef f icieqts.  According  tc  the  results  of  the 
scluticn  of  problen,  arc  cccctractcd  the  outve/graphs  (Fig.  6.6). 


lays  II).  a-  (2).  1.  (3). 


fig.  4.8.  Curve/gcapha  of  xeaulta  cf  ■echint  sclution. 


Key:  4 1 ) . e/s.  (2).  s. 


3.2.  Study  of  the  aotico  cf  the  longitudinal  axis  of  the 
f ip-statil izcd  projectile  cf  cctstapt  ease  relative  to  the  center  of 


r* 

w 
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i t 

N 
l \ 

Act  us  exaainc  the  aoticn  of  projectile  relative  to  the  center 
c f Bass  iq  vertical  plane  cn  inactive  .leg*  considering  that  the 
nation  characteristics  cf  tie  center  of  aass  are  known. 

Face  242. 


let  the  center  of  ■ ass  aove  recti! ioearly  with  snail  change  in 
altitude  sc  that  aass  air  density  can  te  accepted  as  constant,  and 
the  flight  path  angle  tc  tie  hcrizcq  6 - ecral  relative  to  the  center 

of  aass  it  is  possible  tc  exits  in  the  fora 

y,.*=Af.  + Aj«t  + ,W„  (6.56) 

vherej  besides  knoan  stabilising  accent  (Af„)  aqd  daaping  aoaent  (Afa), 
is  introduced  another  acaent  of  perturfeiqig  forces  M,.  Let  us  assuie 
that  this  torque/acaent  acta  during  sa&ll  tine  interval.  During  the 
acticn  cf  projectile,  siailar  torque/acaent  always  can  be  by  the 
qnnseguence  of  any  cf  tie  atort-tera  acting  reason,  for  exaaple,  for 

wiqd  gust.  Utilizing  foxaalas  (2.82)  *ad  (2. £6),  let  us  write: 

= - S l |mj,|  a;  M,  = - Sqt>/*  |/n,|  a. 


let  us  designate 


'l  *'t, 

a,  = p 1/ceic*;  fx(t)=v,  /,(()=«•. 


Key:  11)  1/s*. 


i 
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1 

Since  in  ouc  case  8=C,  then  A- a and  ,d*p.  laking  into  account 
resulting  expressions  fcr  tcrque/ncaents  acc  designations,  equation 
(6.561  nill  take  the  fgia 

As  a result  we  will  obtain  the  linear  ditfgrcgtial  second  erder 
equation  with  variable  ccel iiciects  and  ccaatact  right  side,  which 
describes  the  process  of  cscillaticns.  It  cannot  be  solved  in  cur 
case  through  elenentary  functions,  but  it  can  be  solved  114  analog 
ccspu  ter. 


Bor  convenience  in  the  scluticn,  let  us  replace  the  obtained 
seccnd  order  equaticn  with  equivalent  ajatei  of  two  first-order 
equations,  bearing  in  nind  that  6-w,,  where  w,  - angular  velocity  of 
the  plane  oscillation  of  axis  of  rocket  relative  to  the  center  cf 
■ ass: 

•»  4>a,/,  (/K+  «i/.  V )»=ot;  &=•,.  (6.57) 

Page  243.  the  case  in  questicn  the  aysten  of  differential 

equations*  which  describes  the  process,  realized  by  electron 

analogue,  aust  take  this  fern: 

at' 

1 + «, + * *'  *»> 

at 

-±~ky.t,  (6.58) 

where  /'mo.  1 >,<»>.  /’»  ~ walne  cf  t|e  veltagas,  characteristic  on  the 


i i 

; I 

-d 
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«t|to(tiae  scale  values  t(  |t)  , f2  ( t) , I. 

k|,  ks,  ka,  k%  - coefficients,  vhich  ocqsider  the 
rclaticnship/ratios  of  scales. 

let  us  present  voltages  through  real  values  and  the 
ccrresponding  scale  factors: 

!»/,(()  /i  (/); 

' '/.<*> =*/.<*>/«(* « /'♦-!»•*;  t=iv. 

■kfee  I*..  *•*/ 1;  f*s/s*  f«s/#*; 

f/1  - cor respotdiqg  scales  cn  voltages; 

IS  T/s  - tine  scale  duri.n9  passage  fres  real  process  to  that 

teen  slaulated. 


the  ecitten  transfer  fcraulas  let  us  iptrcduce  into  systes  cf 

|h 

eg  eat  ices  and  let  us  divide  the  first  eguaticn  cn  — .anil  the  second 
cs  — : 

(6.  59  > 

3c  that  agnation  (l.!9)  eoeld  be  the  sase,  as  equation  (6.57)  , 
is  is  necessary  to  calculate  the  coeff Jcleqts  'through  the  selected 
scales,  it  is  necessary  tc  ensure  the  egualities 


^-a,. 
dt  I**  * 


Key:  11).  1/V*.  (2).  1/1. 


7 be  quaerical  values  of  scales  ace  selected  on  the  basis  of  the 
special  feature/peculiarities  of  aachire  sc  that  operating  output 
potentials  of  aaplifiers  would  not  exceed  OOO  V. 

Having  additionally  designated 

^ mo 

and  alter  replacing  is  fcraala  (6. ft)  inf  imitesiaal  values  by  low 
fiqal,  we  will  obtain  tie  systea  of  e^uaticis,  directly 
ccay ose/collccted  in  the  aechine 

i 4T 

it/. 

— i— *//..  (6.601 

A*  * * 

Eage  244. 

! 

Systea  of  equations  is  very  sisple  and  car  be  solved  in  any 

saall  analog  coaputer,  for  exaaple,  cn  widespread  Soviet  snail 
NN 

universal  aodel  -«n-7. 

the  bloc*  diagran  wfaicl  aust  1c  selected  for  the  solution  of  the 

l 

\ 

i 


t . 
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described  problea,  is  giveo  to  Fig.  6.9.  Independent  variable 
desiag  solution  is  tine;  the  voltage,  pro per  tic  cal  to  tine,  is 
introduced  into  scbenatic  fron  aaplafier  Nc  8.  Complete  output 
potential  fren  amplifier  U,  at  the  end  c£  the  process  must  not  exceed 
1QG  9}  therefore  it  is  necessary  previously  at  least  to  tentatively 
knc«  the  duration  of  the  expected  process  icr  the  selection  of  tine 
scale  during  sinulation. 
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Fig.  6.9.  Block  diagrai,  cciprised  cn  icdel  JWf-7,  for  the  solution  of 
the  pccblea  of  the  oscillations  of  axis  of  rocket. 

Cage  245. 

let,  for  exaaple,  the  duration  of  process  1 s,  a ht  =100  V/s,  then 
C.01  (tea  real  process  kill  correspond  the  voltage  in  1 v;  0.02  s - 2 
v and  so  forth.  Through  1 kith  voltage  Mill  fce  equally  to  100  v. 
liter  amplifier  Us  the  voltage  is  icverted  t y aiplifier  u9  and  is 


M 
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supplied  to  the  units  of  nonlinearity  £-1  a.r d £-3,  providing 
obtaining  functions  !_'/.,***  and  < '/„(»•  Frca  the  outputs  of  the  units  of 
Mltiylicaticn  B-2  and  E-4  into  schematic,  enter  voltages  l ,t  {n  L\  and 
(-'i.m this  case,  it  is  necessary  tc  restates  that  the 
construction  of  the  uni,  of  multiplication  is  such,  that  during  the 
supply  ing  to  its  entry  cf  two  factors  at  oitptt  it  is  obtained  the 
preduot  one  hundred  tiaes  less.  For  obtainieg  tie  complete  value  of 
product,  it  is  necessary  tc  increase  factors  sc  that  the  product  from 
the  coefficients  of  an  increase  would  he  egual  tc  100.  In  the  diagram 
(Fig.  6.9)  tc  unit  B-2  are  supplied  voltages  with  10  L \ and  10  £'/»,, o- 
while  tc  unit  B-4r  - voltage  100  <-».  and/'/,,«i*  Frcn  the  units  of  the 
aultiplica tion  of  product  U/,AnL\  and  U,„{nL'„{  they  are  transferred  tc 
the  integrating  amplifier  U*.  Here  through  the  time  relay  is  supplied 
the  vgltage,  which  corresponds  tc  tie  perturtaticn  tor gue/ tcaes t and 
determined  by  the  right  side  of  equation  (t.6C),  i.e.,  with  value  k3. 
The  tiae  relay  works  in  programed  ccndit,icrs/scde  depending  on  the 
character  of  the  action  cf  tor gue/icaeot. 


Voltage  from  the  output  of  auplif.ier  U4  is  supplied  in  twe 
directions:  iq  the  unit  of  aultipl icat icq  E-4  fer  obtaining  product 
I '/„U)L'„ran&  in  the  integrating  amplifier  U9  whose  output  voltage  is 
equal  to  - 10  subsequently  voltage  -10  U»  after  inversion  is 
supplied  as  factor  to  the  unit  of  seltiplicrticc  B-2. 
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Amplifiers  U3  and  04,  Ct2  and  0,4  pc.o tide  the  work  cf  nonlinear 
units  in  accordance  with  the  ccost  ucticn  ci  machine  itself.  The 
retailing  amplifiers,  shewn  in  the  diagram  (Fic.  6.9)  are  special  not 
c.ct  stipulated,  are  intended  for  tte  ixversrcq  cf  voltages. 


the  value  that  reaeved  frea  aiplifier  t5  cf  the  voltage,  which 
corresponds  to  the  expressed  to  scale  value  a,  is  record/w r itte c 
either  with  the  aid  of  electron  cscillcgrapl  and  photo  attachment  cr 
w.itb  the  aid  of  loop  oscillograph. 


figures  6.10  shows  the  exasple  cf  recording  Ui=*f{t).  In  an  example 
the  vgltage,  which,  corresponds  to  the  pert  at  1 at  icn  tor gue/ncment  and 
determined  by  value  k,,  was  switched  cif  at  the  aosent  of  the  first 
■atiaaa  curved  6»=/(<)  Is  can  te  seen  frea  fic.  6.10,  after  the 
treak^down  of  the  perturbation  tor gue/acsert  cf  oscillating  the  axis 
cf  rcaket,  rapidly  they  attenuate.  Ifter  deciphering  recording  in  the 
scale  cf  ordinates,  easy  tc  chtaia  pitching  in  the  tine 

!*» 

where  Moou  - scale  of  gscillograa. 


fage  2 4 6. 


ifter  the  interpretation  of  cscillcgrai  according  to  the 
character  of  pitching  6 and  in  its  aaxiaun  value,  it  is  possible  tc 
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judge  stability  of  aoticn  cf  object  and  the  correctness  of 
established/instal led  during  aerodynamic  design  cf  coefficients  //, , 
aed  {lacad  during  solution  cc  acdel  in  »s  aid  a2.  The  solution  of 
tb«  a$r«  coaplex  pzobleas  cl  tbe  tlccry  of  ilicht,  it  is  logical. 
Mill  be  provided  by  aoce  ccmplex  block  diagrams.  Used  in  this  case 
models  aust  possess  greater  possib ilities  t lan  the  described  by  us 
simplest  model. 


Curing  the  simulation  of  the  complex  pienciena,  connected  kith 
the  flight  of  the  guided  missiles,  it  is  net  alaays  possible  to 
describe  sufficiently  reliably  the  uerk  of  the  separate  links  cf 
central  or  the  mork  of  any  instruaent  kith  mathematical  dependences, 
ty  accurately  reflecting  the  physical  pictmre  cf  phenomenon-  In  this 
case  is  utilized  tbe  property  cf  electron  analogues  to  work  in 
combination  kith  the  real  equipment,  included  in  the 
coaooo/general/tot al  blcck  diagram  cf  the  scluticn  of  problem  on 
■ c d«  1 4 


During  the  use  of  electron  analogues,  rt  is  necessary  to 
reacaber  that  the  scluticn  cf  the  taxicts  kjrds  cf  tasks  is 
accompanied  by  the  ecrqts,  sometimes  sufficiently  considerable, 
therefore,  solving  any  problem  of  the  theory  cf  flight,  it  is 
necessary  to  rate/estiaate  tbe  accuracy  of  the  obtained  soluticr.  The 
methods  of  estiaaticn  cf  ezxcr  in  the  implementation  of  different 
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dynai^c  systems  in  analcg  ccnputer*  are  described  in  specialized 
literature. 


i 


d 


Fig.  6.10.  Example  c £ the  recording  cf  eoliticc  regarding  pitch  angle 
ca  electron  analogue. 


fey:  11).  s 
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Chapter  VII 


1RALIT1CAL  AND  THE  TABUI  A£  t ET  HODS  CF  ItE  5C10110H  OF  THE  PROBLEMS  OF 
U1EBIAL  BALLISTICS. 


the  exaained  in  chapter  VI  nuaerical  acthcds  sake  it  possible  to 
integrate  any  of  the  given  above  sjstess  of  differential  eguatiens 
hitb  tbe  necessary  accuracy.  At  the  saae  tiie  these  aethods  are  very 
laborious  and  aore  expedient  entire  tc  utilize  then  for  conducting 
precise  ballistic  calculaticns  in  the  final  stages  of  the  design  cf 
artillery  cc  aissile  ccaplex.  In  the  icitial  stages  of  the  design  of 
reguireaent  for  accuracy  tc  tallistic  calculaticns,  it  is  below.  For 
sj.aiiar  calculations  widely  are  applied  dillercrt  analytical  and 
tabular  Methods  of  the  sclaticn  cf  the  prehleae  of  external 
tallistics. 


The  analysis  of  systeas  of  eguatiens,  which  describe  the  icticn 
cf  rockets  and  projectiles  in  the  dense  la  yets  cf  the  ataosphere, 
shews  that  coapletely  these  systeas  cagnot  te  solved  analytically. 
Even  protozoan  of  these  systeas  - systca  of  equations  (5.10)  with 
argusent  9,  in  which  together  aust  he  intectated  only  two  eguations. 


C€C  a 78107109 


f JCi 


lc  the  first  group  one  should  relate  tie  aethods  of  the  solution 
cf  systems  of  equations  in  khich  the  t eras,  which  consider  resistance 
cf  aediua,  are  lowered. 

Ic  the  second  group  let  us  relate  the  aetheds,  in  which  the  air 
resistance  is  considered  i«  equations  in  the  fexa  of  any  analytic 
function,  which  reflects  the  dependence  betkeer  the  air  resistarce 
and  the  velocity  of  the  action  of  the  iceqtei  of  aass.  In  siailar 
solutions,  as  a rule,  are  considered  c>rly  epe  tc  two  aerodynaaic 
characteristics,  for  example,  only  drag  or  drag  and  lift, 
ccaaunication/connecticn  tetween  which  is  giver  in  the  fern  of 
special  function  - the  sc-called  polar  gf  flight  vehicle,  for  which 
is  selected  analytical  expression. 

1c  the  third  group  let  us  relate  the  aetbeds,  instituted  on  the 
artificial  transforaatiens  cf  fucda«ec>tal  differential  equations  of 
action,  which  sake  it  possible  to  divide  variables.  However, 
separation  of  variables  net  always  dees  lead  tc  the  solutions  in 
fiaal  tern,  which  wake  it  possible  tc  have  ruacrical  result,  in  aany 
irstances  it  proves  to  be  necessary  the  40c taken  integrals  to 
represent  in  the  fora  of  tables  or  curve/gtephs.  Siailtude  is  not 
always  sufficiently  strict  end  reqsites  the  introduction  of  the 


Batching  coefficients  and  auxiliary  tables. 


the  four-group  includes  the  ccthcds  oi  the  solutions,  in  which 
previously  is  assigned  the  fora  of  the  function,  uhich  deteraines  a 
change  in  cne  or  the  otter  ictioc  characteristic.  For  example,  can  be 
assigned  the  fora  of  the  dependence  of  the  velocity  of  the  notion  cf 
the  center  of  aass  of  flight  vehicle  cc  tise  v (t) . Last/latter 
methods  reguire  the  suppleaentary  assignment  ci  the  lav  of  the 
reaistance  of  medium  or  conducting  successive  approximations  during 
the  numerical  calculation  cf  the  definite  integrals,  which  contain 

l functions  free  the  air  resistance. 

i 

i 

[ lach  of  the  m.ethods  let  us  use  for  the  specific  flight 

conditions  of  projectile,  wlich  approach  the  assumptions,  accepted 
dating  the  compilation  of  differential  equations  of  moticq.  For 
example,  neglect  of  the  air  resistance  is  applicable  during  the 
investigation  of  the  flight  of  projectile  it  the  rarefied  layers  of 
the  atmosphere  or  wit.h  very  lev  velocities  cf  iction. 

§ 1.  farabolic  theory. 


luciqg  the  notion  cf  tie  projectile  of  constant  mass  in 
conditional  plane- parallel  gravitational  field  kit h g=g0=ccnst  and 
the  absence  of  the  air  resistance,  tie  trajectory  of  projectile  is 
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described  by  the  systea  of  differential  equations  (5.14) 


0 and  ^-=-n, 

dtt  at*  * 


solution  of  which  is  deterained  by  tte  iqitial  characteristics  of 
flight  v0  and  90. 


Cage  149. 

Consecutively  twice  integrating,  we  eill  obtain 

x - c,;  -v  <’»  ' ‘V: 

, gt* 

U - — 1 ; i‘/»  1/  l 4 ' * ■/  1( 

fcrca  expression  x = v ccs  Src,  it  fellows  that  the  notion  of 
projectile  in  question  is  characterized  by  constancy  along  the 
trajectory  of  the  horizontal  projection  of  speed. 


Cd  the  basis  of  the  initial  conditions  t-G,  yp-0,  xo  = 0,  we  find 
for  integration  constants  the  following  values: 

r,=-c4  = 0;  r,  .v„  - ?■„ cos  6, ; ,\,  ,',K  j-„sin 

Substituting  the  value  of  constants  iq  expressions  for  x and  y, 

we  will  obtain  the  equation  of  trajectory  in  the  paraaetric  fora 

x = v„  cos  6y ; i,  = v„  sin  V — ~ . 

cs,  after  the  exception/elixination  cf  pax  a velar  t by  substitution 


r cos  * , 


la  aquation  fee  y,  iq  the  feza 


i/=xtfi9 


2t2  co*5  »o 


('  1 


cstud  of  the  second  order 

Ax1  + 2Bxy  + Cyi  + 2Dx  + 2Ey  + F=0  j 

shoes  that  the  discriaipaot  of  equation  (7.1)  E*-1C=0  and,  therefore,  1 


curve,  described  by  equaticr  (1.1),  is  particle.  Based  on  this,  the 
act hod  of  solution  in  question  frequently  calls  the  parabolic  theory 
cf  the  action  of  pnojectile. 


let  us  find  tb«  re laticnship/r atics,  diet  sake  it  possible  tc 
calculate  the  action  characteristics  cf  fcc.-ectile  at  the  arbitrary 
pcint  of  parabolic  trajectory.  Differentiating  (7.1)  on  x,  we  obtain 
dependence  fer  deteraininq  the  angle  cf  the  slope  of  velocity  vector 


tp  the  hcrizcq 

E*qe  250. 


The  velocity  of  projectile  in  arbitrary  poipt  in  tbe  trajectory  at 
beiqht/altitude  y let  us  deterainc  froa  tic  equation  of  the  kinetic 


ceerqies 


vhence  it  follows 


(7. 3' 


KC  * 78107109 


t,CI  ^ 

Prea  last/latter  foraula  it  is  evident  that  the  velocities  of 
projectile  in  two  feints,  vtich  ace  located  cn  identical 
he ight/altitude  on  that  ascend  and  cn  desccidicg  the  branches  cf 
trajectory,  are  identical. 


The  tiae  of  the  action  cf  frojectile 
de  fendence 

X 

v0  cos  60 


if  deterained  by  the 

(7.4) 


let  us  fiqd  the  values  of  the  aotici)  characteristics  of  projectile  in 
intact  point  C,  utilizirg  the  conditicc  that  yc=0  In  this  case,  from 
egnatiens  (7.1)- (7. 4)  we  respectively  cbtair:  ccaplete  flying  range 

t'j  sin  28o 

<7-5 

angle  cf  incidence  tgec  = — tg0o;  the  rate  of  itcidcnce/drop  vr  = Vo;  the 
ccaplete  flight  tiae 


'c 


2v0  sin  60 

i 


(7.6) 


the  obtained  dependences  shew 
iapact  point 


!«cl  = «o 


that  for  a parabolic  trajectory  at 

ahoL  vc=v„. 


Ictiop  characteristics  for  peal  cf  the  trajectcry  will  be 
lccated  frea  condition  tg8s«0  (cr  es=0). 


In  this  case,  of  (7.1)  it  follcns 


Analogously  froa  17.4)  he  cttain 


losing'  ^ 

g 


‘S  = ~(r- 


Since  in  peak  of  the  trajectory  the  comprising  velocities  are  equal 

tfi 

xs  — vucosB„  and  j/5='t'()sin  fl0  — £<s=0. 

that  the  full  speed 


vs  — V + ys= ®e  cos  fl0. 

trajectory  height  ys  let  us  find,  after  s-u  1st  it  cting  expression  for 


xc  into  fundaaental  equaticr  (7.1), 

rJw'nJ*o 


Vs  = 


Page  251. 


(7.  8) 


_2_cos  60  re^uce(j 


2 co»  6„ 


.7.91 


frequently,  multiplying  (7.8)  ty  ccfactcr 
expression  fee  ys  to  the  fora 

ys  = J % ®n- 

the  analysis  of  the  dependences,  uhicb  deteraine  trajectory 
elements  in  apex/vertex  and  at  impact  point,  shevs  that  the  parabolic 
trajectory  is  sysaetrical  curve,  screover  its  axis  of  syaaetry  is 
ordinhte  ys,  passing  through  the  aiddle  cf  ccaplete  flying  range. 
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tKt  ^7 

luring  the  approxiaate  ccaputaticns  a 
frequently  the  fuqctiog  cf  density  charge 
by  average  value  H{y)  * H(ycr)  Is  the  first  a 
altitade  of  trajectory  can  he  deteraincc, 
the  parabolic  theory 

v«p=Jr\  M‘x  = t(  ] K^’6" 
c 0 0*  ' 

After  integration  ard  tiarsforaaticqs,  te 

= T ■"*' 

Catabolic  theory  can  be  applied  6or  peiforaance  calculation  of 

j 

the  action  of  the  projectiles  c £ ccrstart  aass  beyond  the  Units  of 

j 

the  dense  layers  of  the  atacsphere  (at  fcei c Lt/a ltitudes  sore  than  20 
ka).  luring  the  calculaticn  of  the  relatively  larger  trajectory 
phases,  it  is  necessary  tc  reieaher  that  the  dependences  of  parabolic 

| 

theory  are  obtained  without  the  acccunt  of  fencing  of  tne  earth's 
surface,  the  Coriolis  acceleration  and  variability  g,  calculation 
according  to  then  can  lead  to  noticeable  encrs.  So,  with  distance 
~5C0  ka  calculation  acccrdirg  tc  tte  dependences  of  parabolic  theory 

i 

gives  error  of  appcqoxiaately  ICc/c.  | 

i 

Bcr  the  calculation  of  grcund-bastc  tie jectcries,  parabolic  J 

I 

\ 

thecry  can  be  utilized  in  tbe  case  of  the  lew  expected  nring  ; 

, 

distaaces  (trajectory  calculation  cf  aeaqs  close  coabat)  . with  v ^ 6 0 
a/s  aid  e.0=45°  range  error  curing  the  use  cf  parabolic  thecry 

i 

i 

1 

« 

Li ym 


1 trajectories  in  air 
nth  height/al ti tude  takes 
pprexiaation  medium 
using  the  conclusicns  cf 


-P---  \ 

-t*Q  COS*  bo  } 


iix 


hill  cfctain 


7.  10 
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ccaprjses  less  than  5o/c. 


§2.  Elliptical  theory. 


The  theory  of  the  aoticn  of  tie  lcny  range  lallistic  oissiles 
( t BE E [(BPZW)-  long-ran<e  lallistic  aissile')  aid  of  global  rochets 
co  inactire  leg  is  a special  case  cf  tic  "tvc-lcdy  problem", 
set-fgrth  in  classical  celestial  lecheries.  External  ballistics 
exaaincs  the  notion  of  the  tedy  of  ccnstant  aass  in  the  central 
gravitational  field  of  the  Earth  cf  relatively  inertial  coordinate 
systea. 


Eage  ^52. 


In  this  case,  the  trajectories  of  actiao  represent  by  themselves 
Replex's  elliptical  trajectczies  vlich  are  iatheaatically  described 
by  systea  of  equations  <5. it),  that  yields  sufficiently  to  simple 
aealytical  solution.  In  this  systea  the  seccid  equation  expresses  tne 
law  of  coqservation  of  acaertua  cf  icieptui  in  central  gravitational 
fields  Integrating  it,  «e  find  the  relation  between  the  paraaeters  of 
the  beginning  of  passive  section  and  the  cvirert  parameters  of  the 


trajectory 


r , = r*y=  rHvH  cos  8,  = rv 


Here  n,  a c„  end  e„  - initial  paraaeters  of  the  aotion  cf  bedy  in 


r 


UipPJPVRBf 
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absolute  lotion;  aoreover  H„  and  6 - ancle?  cl  the  slope  of  vectors 
f„  and  v to  the  local  horizons  (standards  tc  racii  r„  aad  r 

respectively) . 


Bependence  (7.11)  is  called  ol  the  integral  of  areas.  The 
physical  sense  of  the  introduced  ccqcept  ccrsists  in  the  fact  that 
th«  areas,  swept  by  radius- vector  for  identical  tine  intervals,  are 
equal  (Fig.  7.1). 


Integrating  first  eguatiop  (5. 1C)  takirg  into  account  the  second 


equation  of  this  systen,  we  will  ettain 


ry  =-  — 

r 


whence 


(7.  12'. 


(7.  13) 


Expression  (7.13)  is  called  the  integral  of  energy  or  the  integral  cf 
kicetjc  energies. 


and 
ba  ve 


for  t wo  points  in  tbe  trajectory 

v2  — — =v2  — — 

1 r,  2 r3  ’ 

after  the  nulti plication  of  all  terns  cl  equation 

l _mv\  , (Km  Km  \ 

2 2 ' \ r2  r,  J 


by  m/2  let  us 


i.e.  kinetic  energy  of  body  in  the  second  point  is  equal  to  kinetic 
energy  in  the  first  poirt  plus  a charge  of  the  potential  energy  of 

positicyi. 


M 
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fig.  7.1.  To  the  ccacept  cf  the  integral  cf  areas. 


face  253. 


Bguaticns  of  the  trajectory  o f tody  it  central  gravitational 
field  can  fce  obtaiped  iici  equatiers  cf  apticp  15.20)  with  the 
epception/elininaticn  of  then  cf  tine.  Substitcting  in  (7.  12)  7*  from 


(7.111  and  bearing  in  aind  that 


itr  ./}  f,  dr 

,lf  ill  r-  df 


we  will  obtaiq  — 1 

</\  7-=====-  </r. 

ihe  final  solution  of  this  cguatioc  takes  tie  icra 


1 — « COS  ( f , — ^ 


The  obtained  dependence  is  the  equation  of  ccnic  section  in  polar 
coordinates. 


Dependence  (7.14) 


4 and  f,  - the  vectorial  angles,  calculated  eft  radius  vector 
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go! 

which  determine  respectively  the  posit  icq  cl  ccrcent  point  in  the 
trajectory  and  its  apex/vextex; 

p=c21</K  the 

e~  |/  1 'rf*  K* 

for  parameter  p freguectly  utilize  otter,  derivative,  the 
expression 

P—%»rv  cos*  6„, 

rMv; 

where  *„  = — - — - diaensior less  relaticr  tc  the  doubled  kinetic  energy 
tc  potential  energy  at  point  in  the  trajectcry,  which  corresponds  tc 
the  beginning  of  passive  section. 

Ixpression  (7.15)  aftei  the  sckstitutico  cf  values  c , and  c2 
gives  foraula  for  deterwinieg  the  cwnent  velocity  in  the  function  of 
the  basic  paraaeters  of  the  trajectory 


Ecr  points  in  the  trajectory,  arrange/lcceted  on  the  focal  axis 
cl  the  coqic  section  in  which  8=0  (ccs  6=1),  obtained  equation  takes 
the  fgra 

= (1  ± e).  (7.16i 

Sepeqdences  (7.14)  and  (7,16)  take  it  feasible  to  investigate 


Li 


- focal  parameter  cf  ccqic  secticn; 


- eccentricity.  (7.15. 


j 
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the  effect  of  ioitial  ccnditicps  f c r the  feta  cf  trajectories  and 
rate  ff  the  aotion  of  flight  vehicles. 


(age  21H. 


let  us  examine  the  possible  cases. 


1 case:  e*0. 

In  this  case,  of  C 7 - Id)  it  felloes  that  the  body  Mill  be  circled 
•these  equation  in  pclar  coordinates  has  fieri  ''“P-r.,.  velocity  v,=y1T/r 
is  called  circular  and  is  tie  velocity  uhici  Bust  be  reported  tc  body 
sc  that  it  uould  becoae  the  Earth  satellite.  If  quotient, 
covdifional,  case  with  r=-A?a  = 6371  ki 

;'oi  - ',906  ka/a. 


this  velocity  is  called  orkital  velocity.  Irtrccuced  above  paraaeter 
*»  can  be  expressed  threugfa  the  valae  cf  the  circular  velocity,  uhich 


ccr res pends  to  radius 


I1* 

«„  — (-*  | . 

K U.i  1 


It  is  clear  that  to  the  Botloa  of  fcedy  alofg  c iccuafer ence 
correspcnda  value  x„=l 
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2 case:  0<e<1. 

Accordingly  (7.14)  will  occur  elliptictl  trajectories.  However, 
arc  feasible  two  diverse  variants,  since  it  fcraula  (7.16)  before  the 
value  of  eccentricity  they  stand  twe  signs: 


a)  assuming  that  1^=  -A~  1 1 • zi'.  thee  la 

r 

attract/tightening  center  coincides  with  t 
[pint  with  a velocity  cl  fccus.  ter  the 
[cirt  in  the  trajectory  - perigee.  the  hod 
[erigae  with  this  velocity,  will  he  satcll 
intersect  with  the  attrac t/ tighten ing  bedy 


t us  have  an  ellipse  whose 
he  nearest,  witn  respect  to 
version  in  guestion  this 
y,  dr iving/nov ing  in 
ite;  since  ellipse  dees  net 
I 


It)  if  «*=-— (i_e)=ri,  that  let  us  have  an  ellipse  whose 
at  tract/ tighten ing  center  ccincides  with  distant  focus.  Velocity  rA 
characterizes  the  pcint,  called  the  apogee  cf  trajectory.  In  this 
case  the  trajectory  can  intersect  with  the  et  tract/tighten,ing  body, 
tut  it  can  and  not  intersect.  Eoundary  valve  easily  is 

deternined,  since  velocity  t»A.n*  sust  be  equal  to  the  apogeal  velocity 
cf  such  ellipse  which  in  perigee  will  .tench  the  surface  of  the  Barth. 
Utilizing  condition  v„R3^vAJVrAtv=ci,  let  us  substitute  in  it  t»„  and  vA 
and  after  transfor natiopa  ««  will  ghtain 


It  vA>vATv  - ellipse  it  does  not  initiate*  with  the  attract/tightening 
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bed}; 


^“^Arp-  ellipse  will  torch  the  a 1 1 tact/ tightening  body; 
t’A'-',Arii-  ellipse  intersects  nith  the  body  (this  version 
corresponds  to  trajectcries  ESED). 

Page  255. 

for  ellipses  paraaetece  x»<.2. 

1 case:  e*1. 


trajectory  is  parabola.  It  we  give  to  iccket  parabolic  velccity, 
it  Hill  overcoae  the  force  cf  gravity.  Frca  the  equation  of  velocity 

(1«  161  follovs  __ 

*n  = J'  ~=v,  ) 2; 

vith  r *=  R3  -637)  ks  c’on-t’oi  | 2=11.180  i*  called  escape  velccity. 


tc  parabolic  trajectory  corresponds  peraieter  x„=2 


« 


case: 


Accordingly  (7.14)  trajectory  Hill  be  hyperbola;  in  this  case 
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For  the  explanation  of  the  examined  vetsiccs,  are  given  by  Fig. 
">..2.,  fcy  Fig.  7.3  and  by  Fig.  7.4.  Figures  1.2  shows  the  forms  cf  the 
trajectories  of  body  depeeding  co  the  value  cf  parameter  x,,. 

_i 

Hotted  f unction®  —=|1  + a)2  free  (7.16),  depicted  in  Fig.  7.3, 

*'01 

■a he  it  possible  too  set  the  fora  of  the  tcajsctccy  cf  body  depending 
cn  the  relationshi p/ratic  cl  eccentricity  c and  of  velocity  v in 
point  in  the  trajectory  on  the  focal  axis  cf  cccic  section. 


the  dependence  of  the  fora  cf  the  trajectories  of  the  body, 
distant  fren  attract/ti ghter ing  center  up  tc  distance  of  r,  from  the 
velocity  of  this  body  v (kith  vjr)  , is  shear  cr  Fig.  &0  7.4. 


The  introduction  of  the  concept  of  parstclic  velocity  makes  it 
possible  tc  give  still  cne  interpretation  tc  the  tern  oK/r  in 
expression  fer  the  integral  cf  energy. 


it  is  clear  that  ^-=—  -£-=  — — there  is  kinetic  energy  cf 

r r 2 2 

body  at  point  with  a radius  of  r,  necessary  lor  the  overcoming  cf  the 
gravitational  field  of  the  Earth. 


Icr  constant  c* , analogously  it  is  possible  to  obtain  expression 
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c* ■'t/J  — pJn  ,f roa  which  it  fellows  that  if  CjJ.0,  then  ry-  and  the 

trajectory  of  body  is  tie  extended  curve  (hyperbola  or  parabola);  but 

if  c*<Q,  than  trajectory  - closed  curve  with  a saximua  radius  cf 
2 k 

rmt—rAtf=  — (ellipse  or  ciccuaf ereqee) . Subsequently  we  will  examine 
the  elliptical  trajectories  for  which  c2<0  «cd  x«<2 


The  practical  application/appendix  of  the  dependences  of 
elliptical  theory  is  connected  with  appioxiiatc  solution  of  following 
basic  tasks. 
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(«1«  256. 


altitades. 


Ke}:  11).  (hyperbola).  (2).  (parabcla)  . 

fig.  7.J.  Graph/di agraq  ol  dependence  vivn  in  function  of 
eccentricity  e; 

hi  - corresponds  to  ellipses,  for  which  attxact/tighteniny  body  is 
lccated  in  near  to  initial  (oint  focus;  - corresponds  tc 
hy perbclas; 

//— tr/ooi  -M— €)%fr. 


Hi  - it  corresponds  to  ellipses,  fcr  which  attract/tightening  body  is 
lccated  in  distant  fros  initial  point  fcous;  £*  - corresponds  tc 
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Jy % >v>vi 


*yy  »rp<^<^/  J 

f.  v<vtf  £ 1 Q \ 

f TJtnpumnuSaiSmte 

' (WM 

tig.  7.4.  The  fields  of  pcssitle  t ta je c tocies:  A - field  of 
hyperbolas;  E - field  of  the  ellipses,  bhicl  dc  rot  intersect  bith 
the  attract/tightening  tody;  c - field  cf  tie  ellipses,  which 
intersect  with  the  attract/tigbtenihc  iedy. 

Keji  41).  Earabola.  (2).  Circumference.  (3).  Attract/tightening  body 

Pig.  7.5.  Simplified  diagram  of  trajectory  cf  leng  range  ballistic 
■issile. 

Eage  258. 


transformation  takes  tie  fori 


-^-=mJL  • i _ wg 

di  dy  ' dt  rS 


Producing  one  additional  replaceiect  *=1/r,  let  us  write  the 
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first  equation  of  systea  (5.20)  for  the  oast  is  question  as 

i!i  ^ I . 

dip2  *„r,  co*:  6, 

Integration  constant  are  located  frea  itfa  initial  conditions 

c„=  — ; ~r~ tee-- 

rK  dt  r» 

The  solution  of  tl^«  obtained  equation  in  obvious 

r,._  Lzfgli  ■ c°»(8h  + v) 

*«  cos-  dK  cos  6„ 

producing  reverse/ in verse  rcplaceacnt  4 cx  1/r,  we  will  obtain 


the  equation  of  elliptical  trajectory  it  the  fora 


N COS  2 6m 


1 — cos  T + 1.  cos  i„  CO*  (8,  + f)  ' 

Al.thc iqh  this  form  of  recording  is  acre  ccaplex  in  comparison  with 
cccverticnal  (7.14),  it  possesses  that  advantage  that  are  included 
paraaeters  c„,  e„  and  r,„  which  characterize  tie  position  and  energy  oi 
rocket  at  the  end-point,  which  corresponds  to  the  beginning  of  the 
passive  phase  of  flight.  Eependence  (7.17)  together  witn  the  given  in 
the  preceding/previcus  section  relaticcship/iatios  nakes  it  possible 
tc  sufficient  siaply  deteraine  trajectory  eleaents  according  tc  knewn 
iaitial  data.  The  next  pick  lens  alsc  are  recuced  to  the  solution  of 
the  obtained  previously  relcticnship/ratio*. 


• urirjg  the  deter ni nation  of  the  paraneters  ct  notion,  which 
correspond  to  the  iapact  pcirt  in  the  xese  cose,  it  is  necessary  to 
keep  in  nind  that  target  position  relative  tc  the  beginning  inactive 
leg  of  rocket  is  unaabiguor sly  detcriiocd  by  angular  target  range  2if. 
Ccaauaicat ic r/ccnnec tic r between  argular  ard  by  the  linear  distance  l 
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(undertaken  over  the  surface  of  the  iarth).  is  expressed  by  the 
relatjcnship/ratio 

i==^.  (7. 18, 

uhntm  2*  - an  angle  of  the  relative  attitude  cf  target/p ur pose  in 
radian*.  A series  of  the  nuverical  values  ci  argles  2th  and  of  the 
corresponding  to  thea  values  of  lirear  flyirg  range  L vi  th/?3 —6371  ka 
is  given  in  "fable  7.1. 


s / 
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PAGE  <9^ 


21,  rp«* 

5 

8 

15 

30 

1 

60 

1 

75 

90 

120 

140 

180 

L.  KM 

556 

1 

890 

1668 

3336 

6672 

8340 

i 

10008 

1 

13344 

15566 

20016 

be  y:  11).  deg. 


Page  259. 


file  condition  of  tie  hit  is  tie  observance  of  equality  r=R3  when 
({=-’1)  After  substituting  this  condition  in  17.17),  we  will  obtain  the 
equation  of  relation  of  calculated  angular  distance  with  the 
parameters  of  the  beginning  of  the  (suite  section 

, _ /?<  1 1 — COS  2v  4-  x„  COS  6„  COS  ('I..  + 2y)|  7 1(1 

rM  ‘ ‘T*  * l * ■ 1 

cos?  0„ 

Eependence  (7.19)  sales  it  possible  tc  also  solve  the  ir  ,..rse 
pccbles:  to  determine  the  necessary  velocity  for  achievement  of  the 

required  distance  at  assigned  values  Or  and  r„  [2]:  : 

1 — cos  2+  • : 

51 (7  JO 

--  cos-’  9„  — cos  6„  cos  (f>M  + 2.t 
. /?.< 

kith  the  very  long  range  of  flight,  it  is  possible  to  accept  (in  the 
first  approximation,)  assuiptics  about  the  instantaneous  combustion 
of  the  fuel/propellant  cf  rccket(r„  = A?3  ) in  this  esse 

J_ 

v — v I 1 - c°s  ^ ] : _ 

" [cos2  8.  — cos  8„  cos  (8„  + 2tp>  j 

The  analysis  of  the  obtained  sinplificc  ecoation  (Pig.  7.6) 
takes  it  possible  tc  draw  tie  conclusion  that  c?e  and  the  sase  range 
angle  2?g-  can  be  reached  with  aany  ccuhinat ions  cf  values  vB  and  6„  at 


I 
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the  catcff  of  engine. 

tract ically  important  is  the  determination  of  the  position  cf 
rocket  in  the  elliptical  trajectory  kith  respect  to  elapsing  of 
certain  tise  interval  after  laurching/star ting.  The  first  stage  of 
obtaining  initial  dependence  is  connected  kith  the  integration  cf  the 
mcnental  equation  cf  mcientua  along  tire  upgr  consideration  the 
dependence,  adjustable  by  tte  equation  cf  trajectory  (7.17).  Pinal 
foriula  is  located  as  a result  cf  sufficiently  complex  analytical 
solution  [65]  and  takes  tie  fori 

, __  r„  , tge„  (1— Cos  v)+(I  — Osiny  , 


vK  cos  8„  fl— cosy  cos(eM-f  <P) 

((  c°s2B„  cos  6„ 

(±-  if 

+ 2co,8“  - ■ arctg L 

/ 2 , \3/2  v 

lj  cos  S, clg  — — sin  8, 


face  26Q. 


Total  flying  tiie  tc  is  calculated  kith  the  sutstitution  of  value 
<P=2if  jnto  eguation  (7.2  1) 


' M 

f„  cos 

j '5  vh  \ 1 — -r  — 

1 '2— >17 

1 

/JL_,  r 

2 cos  8„ 

* Uh  / 

— arctg — — 

, i-  cos  eK  cig  ip  — 

\ * 

, 2 

1 — - 1 

) 

The  graphic  representation  of  the  dependence  of  flight  tine  along 
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■fig 

1/  1 

o 15  30  45  60  7S  90 
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Fig.  7.6.  Dependences  of  the  velocity  in  the  beginning  of  passive 
section  r»  cq  angle  e„  for  the  different  values  of  range  angle  2* 
(«ben  r„=y?3) 


Key:  11).  kn/q. 

Fig.  7.7.  Total  flying  tine  in  function  of  cigle  e„  for  different 
range  angles  (when  r„=/?3) 

Key:  11).  nin. 

3.  Approximate  analytical  aetfacds  cf  the  trajectory  calculation  of 
the  projectiles  of  constant  lass. 


3.1.  Methods,  which  use  analytic  fuqcticqs  ,fcr  describing  the  air 
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resistance . 


the  analytical  Methods  of  the  trajectory  calculation  cf  the 
action  cf  the  projectiles  cf  constant  nass  in  air  usually  are  based 
cn  system  of  equations  kith  independent  variable  6 (5.10).  The 
qrcatest  difficulties  cause  the  determination  ef  the  velocity  cf  the 
mptiom  of  the  center  of  iass  cf  projectiles 


Eage  261. 


Velocity  is  found  by  integrating  tie  hedograph  equation  (5.9).  Let  us 


present  it  in  this  forn 


khere 


d (v  cos  6) £r2 

d 8 £ 


(7.23) 


If  ke  for  deternining  of  X use  (2-9C),  than  me  will  obtain 


(7.  24) 


if  ee  use  (2.95),  then  let  cs  have 


E=—  H[y'f  (V). 


in  the  first  case  fron  (7.23) 


ifcSBS_.JL.tei 

dt  2«of 


with 
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the  siaultanaous  xeplacenent  cf  fanctitn?  — (y)  and  rs  (M, 
analytical  dependences  does  not  lead  tc  separation  of  variables  in 
egeaticn  (7.26)  and  does  net  give  sclutica  in  final  fora. 


Ivcn  if  to  accept  c,(M)  «£,«=  const,  vbicfc  leads  to  quadratic 

dependence  for  the  air  resistance 

x=S±v3_~  ,7.27) 

2 

then  variables  in  eguatioo  (7.26)  nevertheless  cannot  be  divided, 
since  in  (7.27)  reaains  Jure  tier  o(y). 


If  Me  utilize  (7.25),  then  Me  Mill  obtain  the  first  equation  of 


systea  (5.10)  in  this  fora 


there  c ,-cd  (y)  . 


d(v  co* «)  vF  (v) 

at  _r‘  ~T  ' 


Investigations  she*  that  fer  the  apprexi sative  integration  of 
egeaticn  (7.28)  during  the  provision  her  acceptable  accuracy  of 
calculation  cne  should  tale  H (y)  **  H (ycv) , ace  the  air  resistance  to 


describe  one  of  the  analytical  dependences: 

F(v)=a  -f-hw". 
F(v)~  So", 


(7. 29) 
(7.  30) 


Mhcte  a,  b,  B,  n - constant  expecisental  coefficients. 


hast/latter  dependence  Mas  proposed  by  N.  V.  Hayevscty  and  N.  A. 
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Zahudskiy.  The  values  oi  expoacat  a foe  dilierent  speed  ranges  are 
brought  to  folloeing  table. 


f,  u/s 

** 

° 

240 

295  | 

1 

375 

419  j 

i 

550 

i 

| 800 

*9 

240 

295 

375 

419 

550 

800 

1000 

1 

n 

2 

1 

3 

| 5 

3 

2 1 
1 

1.70  j 

1.55 

Eaqe  262. 


Coefficients  B,  for  each  section  uere  selected  so  that  the  function 
f («)  aculd  be  cont  inuous. 


Let  us  substitute  (7.2S)  in  (7.28)  and  ui.ll  discover  derivative 
ca  the  left  side  of  the  egaeticn 

g 

— — — — (cxa  — g sin  0 ) -j — — v**1. 

dt  g cos  6 g cos  6 

let  us  introduce  substitution  u*un-*l,  fro*  ehich  by  dir fe rentiati cn 
ue  uill  obtain 

dvm 


dv- 


fi  * ^ 


(7.31) 


ifter  replaceaent  and  transfor Rations,  let  us  have  linear 
differential  first-border  equation 


share 


Bf 


A’(9)=  ?±Ui!LL  ; Aflg)= 1!_ 

g cos#  g cose 


(7.32) 


}n  accordance  uith  the  general  rule  oi  the  solution  of 


differential  equations  of  the  naaed  type,  let  us  find  the  (articular 
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Let  us  find  Cf when  sclution  (7.34)  satisfies  equation  (7.32) 
Free  X 7. 34)  we  will  obtain 


—C*n.V  (9)  e~m  ■' WKM+#-"  /"<•>"*£  _ 


Substituting  last/lattei  equality  aqd  expression  (7.34)  in  (7. 32) r we 


kill  qttain 


whence 


* ‘ -^-=«<yW  (#), 


C,=nrl^e  ■ M(9)d9-\-k, 


(7.35) 


khete  k - integration  constant. 


After  this  the  general  solution  of  equation  (7.32)  will  take  the  form 


# •,  i. 

—a  \ a* (b)rf'.  i*  « 1 yvci)  as 

«*  = «<•,«  *’  J e '* 

L*« 


Free  last/latter  equality  aid  (7.31)  for  initial  conditions  0-6o; 
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*=va  ae  will  obtain 


P,CE 


*=-v 


Alter  determination  u*  fret  (7.31)  ue  ail  1 obtain  also  the  value  cl 


the  unknown  velocity 


(7.37) 


let  us  examine  analytical  solution,  alter  using  lor  deteriininy 
the  fanction  F(v)  Icraula  (7.30).  Iter  frci  (7.18)  ue  are  have 


d (ticot  b)  _ «i Bv*'''1 

dt  f 


(7.38) 


Fox  separation  of  variables,  let  us  lalfciply  *u*erator  and  the 
declinator  of  the  right  side  cl  the  pcecedrng/pce vious  equality  on 


eos*+,0 


d(v  cot  6)  ejS  dt 

(v  «*  l)*+i  g cos"+,l' 


After  integration  let  us  have 


* [(®»eo*6g)*  (v«0»«)*]==  / J C0*"+1*  ' (7,39) 


Fagc  264.\lhe  integral  cl  right  side  can  be  undertaken  in  elementary 
lunctjcns.  Are  knou.n  scluticrs  tc  c*S,  giver,  fcr  example,  in  [30], 


for  determining  of  coordinates  and  tiie  oi  xoticn,  ue  uill  use 
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these  last/latter  equations  ot  systaa  (£v1C).  irca  the  equation 


dy  t»2  tg  8 

rfl  | 


k«  kill  obtain 


y = .Vo  -1-  [ — tg  Mi. 

. t 


(7.40i 


tici  the  equation 


ke  kill  obtain 


and  teen  the  equation 


rf.t  r} 

J"  U 


x=xt±  ( — d9 

» ,t 


k«  kill  obtain 


d»  g cos  I 


7 iSv 


The  coaplexity  of  foravlas  foe  detcrairinc  velocity  17.36)  and 
(7^37)  or  (7.39)  does  not  Bake  it  pcssille  tc  take  the  integrals  ct 
right  sides  (7.40),  (7.41)  ard  (7.41)  it  fiial  fora. 


let  us  exanine  the  scluticn  of  the  basic  prcblea  ot  external 
ballistics  vith  the  appioxiaation  ci  function  F (v)  by  tue  cne-tern 
quadratic  dependence  F(»)=£v*.  This  scluticx  sis  called  L.  Euler's 
aethed  [63]. 


In  the  first  equation  cf  systea  (5.10)  let  us  designate 


I 


V 


- 


^ 1 ' ' f * -• 
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b-BcH(y cp)  After  this  the  hodcgcApb  eguaticn  will  take  the  fern 

rfu  £ «s 

W8  / cot3  8 


liter  integration  Me  Mill  attain 

a 

J 1__  J_  r d 9 

2ujj  2“s  r J cos3  9 

s. 

where  u0-v0  cos  90. 


(7.43) 
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Fcr  siiflif ication  in  frrther  soluticc  aqd  its  tringing  to  tabular 
fera  usually  is  iqtroduced  the  auxiliary  fstetien 


«(#!  = 


= \ 


d 0 


cos3  6 ’ 


and  tien 


1 1 2b 


u2  u 


j [e.e.  — e(0o)]. 

o K 


(7. 44' 


If  we  the  constant  values,  which  deperc  or  initial  conditions, 
group  to  together  and  cesicratc 


*i®<»  — ei®o)"r0(5j 

2 bui 


that  »e  will  obtain 


E t*=X 


l 


2 b « (o0,  0O)  — «(») 


(7. 45) 


Cor  fanctioa  e(8),  entering  in  (7.45),  can  1c  obtained  the  analytical 
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The  integrals,  which  are  contained  in  the  right  sides  of 
equations  (7.47).  in  firal  fcra  are  net  taken,  hut  they  are  the 
fu$cticns  cne  and  the  same  values 

%/  = ? il#o,  *«o,  6);  2bx=f2(60,  bvi  6); 
l 2b  gt  =?8 '6(J,  bvl,  8i. 

This  aade  it  possible  tc  create  tables  with  entries  e0  and  bv0? 
for  the  calculation  of  trajectcry  eletrects.  Cn  their  base  were  later 
cpaprjsed  aoce  convenient  fer  practical  calculations  taoles  with 
entries  e0  and  2 bxc. 


<7.  48) 


tables  gives  the  values  of  values 


ill.  jL- 

g ’ 2 gxQ  ’ 


<c  y* 
YTc 


ftciNUTE  iq  tables  xc  is  sacked,  x,  tc— rend  v*—Y-  ENDFOQTNOir. 


The  tables  ace  coaprised  fer  9 0 frci  15°  tc  75c  at  values  2 bxc  fron 
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0 tc  (C. 90-2. 5)  depending  or  angle  cl  departure  [9].  The  examined 
■ethod  of  Euler  aqd  table  ate  used  fcr  trajtctcry  calculation  at  the 
lev  initial  velocities. 

3.2.  Bethod  of  pseudovelocity.  Basic  ard  auxiliary  functions. 

tbe  aetbod  of  pseuccve locity  is  relatec  tc  the  third  group  of 
analytical  methods,  since  at  its  basis  lie/rests  the  supplementary 
transf etna ticq  of  the  hedegtaph  equation  ol  velocity  (5.9).  In 
hedogsaph  equation  for  separation  c£  variables,  is  introduced 
function  F(U),  vhere  U - the  value,  uhich  .be s <tle  diaensiorality  of 
velocity  and  called  pseudo  velocity . Value  l will  te  defined  according 
tc  fig.  by  7.8  as 

• / 

i7  49l 

COS  do 

The  vector  of  pseudovelocity  is  parallel  tc  the  vector  of  the 
initial  velocity  and  has  tbe  sane  horizontal  projection  u,  as  is  r.eal 
of  velocity  v.  since  the  siiple  replaceient  E(v)  by  F(U)  gives 
considerable  errors,  then  into  hodegraph  equation  are  introduced 
supplementary  correction  factors. 

Substitution  takes  tie  fora: 


H (y)F[v)tss  kF(U), 


1 7.  50) 
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where  k - the  correction  factor,  which  condensates  for  u it  cl, 

lor  the  low  trajectories,  which  a.r«  characterized  low  0o  and 
large  initial  velocities,  angle  6 it  is  saall  changes  along 
trajectory,  tut  h(y)~1.  in  this  case  it  suffices  to  accept 


lage  267. 

Bcr  anti-aircraft  trajectories  are  alsc  characteristic  high 
initial  velocities  and  the  weak  change  cos  t ir  trajectory,  but 
K(y)*1  and  therefore  is  necessary  the  s ubs 1 1 tr.t  icn  of  another  form 

II  \ ;/'/■'  i»)  =s// i t '7.5L’1 

cos  0 

i.  e. 


k — II  t ticu) 


Cl'S  »0 
cos  6 


,7.  53 


let  the  lean  angles  cf  casting  ard  velccities,  characteristic 
fci  the  trajectories  of  the  projectiles  of  field  artillery  pieces, 
substituti.cn  somewhat  acre  complex  than  pr  e<*  d i c g/pre v ious 


F[V] 


COS  tl 


i7.  Mi 


i 


• 


. ..  Cl>s2«o 

* — r * 

ens  fi 
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kbeie  £ - supplementary  numerical  correcticr  factor. 


bast/latter  replacement  is  called  cf  tie  substitution  Siacci. 


*6# 


I 


I 


1 

\ 


ilith  knewn  pseudo  velocity 
equality  (7.49)  : 

v = 

a the  hcrizcntal  projection  of  speed  is  equal  tc 

u—L’c  osfl„.  (7.57) 


real  velocity  is  determined  froi 


V cos  6p 
cos  8 


(7.56) 


let  us  introduce  substitution  (7.54)  into  the  hcdogcaph  equation 
cf  velocity,  let  us  replace  c'=cg  aqd  Jet  us  divide  variables: 


_ g dU  l758) 

cos2 8 e'cosJ8o  UF(U) 

liter  integration  let  us  have 


tg  8 — tg  fl0 


dU 


e'eos2  60  : UF(U) 

i 0 


l7. 59) 


Integral  in  right  side  can  he  ucdeitaken  ccly  numerically. 


I 

L 


fiCC  -*  78107110 


'/id 


fig.  7.8.  Construction  of  tie  vector  of  ,psc  idcvelocity  U. 


Eagc  2(8. 


In  practice  the  trajectory  calculation  by  the  aethod  of  Siacci  is 
conducted  vith  the  use  of  special  tallcs.  tor  convenience  in  the 
co «f ilation  of  tables  acd  verk  ct  the  a,  arc  introduced  to  the 


f u|ct|cn 


J[U)=*Kl-  \ - 21^L-  MU : ^ ( T)  ) = Kx  - f —fdU  ■ 

1 .1  UF(U)  A #/  1 J UF(U) 


khete  v „=U  0. 


Carrying  out  replaoeoent  in  (7.59),  «e  kill  obtain: 
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let  us  integrate  tie  resainicc  eguaticrs  of  system  (5.10).  In 
the  equation 

dt  u 1 


d 8 g cos2  8 

let  us  substitute  (7.56).  Alter  integraticc  let  us  have 


t: ! \ L 

e'  cos  lo  J f (£/) 


Introducing  the  fuicticc 


T(U)=Kt- 


- \ dU 
! J 


wc  uill  obtain 


(7.61) 


let  us  take  eguaticn 


d x a2 


d 6 g cos2  8 


After  dividing  in  it  variables  end  after  substituting  (7.58),  we 
will  qttain 


i/rft; 


(7.62) 


After  integration  let  us  have 


I -1 
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we  Hill  obtain 


A---HD;n— ZMvi 

c 
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Bet  determining  the  ordinate  c £ trajectory,  let  us  proceed  f rc« 


the  usual  eguality 


till  = tg  6t/x. 


liter  substitution  ictc  this  equality  (7.6C)  and  (7.62)  and 
integrations  we  will  obtain 

//  = Atgfl„ — — — [ — ( y ■ ~ '* — ./  IZ’„ i 1 . (7.64; 

I’c'cos^ltu  l 0(i')  — D(Vq)  J 


where 


» t ' \ Lr  i 1 4 ) L Jl 

AlL  A*~  \ ' 7^r 


Icr  determination  tgd,  t,  x and  y from  foroulas  (7. t>0),  (7.61), 
(7.631  and  (7.64)  is  necessary  the  ap plicaticn/cse  ot  tables  of  the 
special  functions  J (U) , 1(0),  D(U)  and  l(U),  called  basic  functions. 
As  input  value  in  such  tables  is  received  pseuccvelccity  U.  The 


nuserjcal  values  of  functicrs  depend  cr  the  dependence  accepted  lei 


DCC  * 78107110 


u (.*-  7 /tnu/nu  tier  , 

&& 

tba  air  resistance  F(U)  and  on  constant  nutlets  (ju  and  A'„  which  are 
selected  sc  that  the  tabular  values  cf  functiccs  would  be  convenient 
when  conducting  of  calculations,  lie  tables  cf  basic  functions, 
calculated  for  a law  air  resistance  cf  Siacci,  are  placed  in  [9,  h. 
111].  1 he  wethod  of  pse ede velocity  takes  it  possible  to  calculate 
■ction  characteristics  at  any  point  in  the  .trajectory,  including  in 
apex/vertex  and  at  iapact  print.  Fcr  tie  bretity  of  writing,  basic 
functions  freguently  designate  only  by  first  letters  index  of  letters 
it  designates  the  position  cf  the  paint  in  question  in  trajectory 


Icr  an  iapact  point,  the  ordinate  cf  trajectory  is  egual  tc 
2*io.  Substituting  in  (7.64)  yc*=0  and  contertirg,  we  will  obtain: 

sin  280=i-  . (7.65) 

C — Uq 


tc  isolate  in  an  explicit  forx  frex  this  eguation  pse udovelccity 
at  iapact  point  Uc  is  cct  represented  possible.  To  solve  it 
relatively  Uc  is  possible  by  selection,  being  assigned  by 
exeaplary/appcoxiaate  values  Uc  liter  de-te  raining  Uc,  let  us 
deteraine  remaining  trajectcry  elexectn  at  iapact  point 

xc=  — (Dc-D0);  tc—  (Tc  — T„'i;  1 

e c cos  I 


Ea§«  17Q. 


tg6c==tg9»-2 


• 
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)d  peak  of  the  tra^ectcry  0S  = 0 and  igfls-0.  then  froa:  (7.60) 
after  t rag&f oraaticn  we  will  obtain: 


y>  = r'sin  200  + /,. 


Isiag  the  tables  of  tasic  functions*  frca  Js  let  us  find 
£)s, Ts.  .4. s',  f bob  initial  ccaditions  with  U„* «„  let  us  find  D0  , T0  and 
ia#  after  which  from  (7.6  1)  , (7.63)  and  (7.64)  let  us  find 

f.v-— '—-Ts-T,; 
c cos  o.., 

A\  = — Ds-U„\  ^7.  68) 

“ c 


!<s  •=  -*s  tK  60  - , >5  ■ ( ^ - J„)  . 

2c  cos-fty  i D — Dv  ■ 


the  cell/e lea ents  cf  iipact  feint  can  te  feund,  alter  avoiding 
tr ial^and-ertor  soluticn  cf  egaaticc  (7.65).  Frca  equality  (7.63)  for 
aa  iafact  f oint  D (f  f) -c’xc  — it  fellows  that 

l c /I'-'-'o  *'«''• 

faking  into  account  this  expressien  in  the  brackets  froa 
equation  (7.65)  can  be  considered  as  certair  function  f0  of  these 


ar guaents 


A (C  ) - A (t-„)  . . . . 


and  tg  write  (7.65)  in  the  fera 


<■’  sin  — ve>. 


(7.  69 1 
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lor  fo(c'xc;  v9)  ar*  calculated  the  tables. 


On  initial  data  it  is  possible  tc  fiad  c'aio26a;  through  this 
value  and  v0,  using  tables,  is  found  product  c'xc  and  further  xc. 


Similarly  it  is  possible  tc  oltait  scut  ctfcer  functions  from 
C'xc  and  »0  £ 59  Js 


f _ sin26ot'°.  f 'g|ecl  . f «o sin t0  , 


f - v« cos  ^ . / _ xs  . t _ 


VC0S  9C 


•*c  'g  90 


(7.  70t 


functions  f„-f6  are  called  the  auxiliary  fractions  of  Siacci. 
These  functions,  besides  i9  and  f*,  arc  suitable  for  calculating  the 
■cticc  characteristics  at  ary  point  in  the  trajectory.  In  this  case 
product  c'x  does  not  have  an  index. 


face  271. 


Fcr  e|aaple,  for  instantaneous  value  of  x coordinate  y will  be 
determined  according  tc  fcllcving  fcnula  [f9]: 


II  - .V  ty  8„  1 — 


/0(c'.r;  t\,) 

fB{c'xc:  «'o> 
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Artificial  tr ansf creation  of  the  hcdcgiaph  equation  of  velocity 
uitb  tie  replacement  of  function  F (v)  by  F (i.)  gives  good  on  accuracy 
results  during  trajectory  calculation,  in  vticfc  cose  it  is  little 
afiected  along  trajectory,  end  it  is  pcssille  tc  accept  H(y)^1.  For 
short  leu  trajectories  (at  Eigh  initial  velocities  and  the  lou  angles 
of  departure),  when  it  is  pcssille  tc  accept  ccsfi?tcose0s1,  it  is 
chvioas,  that  0=1,  c *=c  and  Usv.  lien 


x = — [Oit'i-Dit1,,  ]; 

C 

x \ A(V)  — A(V0)  , 

i,— .x  tg  e.-—  [ _ - j 

t=  — \T\v<—T(v„)\. 
c 


7-S, 


luring  the  solution  of  the  reverse  p-rcflei,  the  angle  of 
departcre  in  this  case  will  he  determined  tics  condition  yc  = 0 for 
the  formula 


sin  28.,= 


J_  ’ 
c 


» (t)— (vu) 
O(v)  — O(v0) 


kith  an  increase  ir  the  angle  of  departure  and  decrease  of  the 
initial  velocity  the  erict  in  deteriinaticf  for  trajectory  elements 
at  iapact  poiqt  increases.  Error  ccapens&ticn  is  realized  by  a way  of 
introduction  into  the  calcvlation  cf  ccefficiert  0.  strictly 
speaking,  for  each  trajectory  eleaent,  it  is  necessary  to  introduce 
its  correction  factor  pIt  pv,  p,,  p,  Ihet  ccqdicting  of  practical 
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calculations,  use  cne  compensating  factor  - that  agree  the 
complete  distances.,  designed  by  the  net  hod  cf  pseudcveloci  ty  even  cne 
cf  the  aorc  precise  methods.  This  coefficient  is  naaed  main 
ccefficient 

the  table  of  the  values  cf  coefficient  0 in  connection  with  the 

lab  of  air  resistance  cf  Siacci  for  stall  aims  and  the  artillery  of 

the  lgw  caliber  (with  c > 1)  is  comprised  according  to  intake  numbers 
xf  =1000— 7000 

cf  6oe««o-30o  and^m.  Coefficient  £ in  the  tail®  changes  within  narrow 
liaits  froe  C.97  to  1- C C- 

Ecr  aediua  and  high  calibers  (with  <c<  1 ) la.  H.  Shapiro  it  make 
tahle  with  entries  c=0.i-1.C,  vo=3CC-1CC0  «/s  and  8o=5-60°.  The 
tatles  are  comprised  by  processing  the  results  cf  trajectory 
calculations,  carried  cut  by  the  method  of  numerical  integration  [9] 
and  [S9].  Depending  on  velocity  arc  angle  cf  departure,  the  main 
coefficient  of  agreement  f substantially  changes  (from  0.6C9  tc  1.329 
fpr  6(=60°  and  from  0.5€h  tc  1iC39  fci  S*=5C). 

Cage  272. 

Dazing  the  agreement  of  ccmplete  distance,  the  error  in  the 
determination  of  remaining  ccll/eleaect s reaches  to  5o/o  (at 
€#*30*-h0°) . 
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Slicing  the  trajectory  calculation  c£  tie  anti-aircraft  shells 
into  the  hodograph  equation  of  velocity,  it  is  substituted  (7.52). 
Comparing  (7.52)  apd  (7.54),  we  sill  cttai*  i-  — — l|'--  . 


Besignating  i':  = t // 4 /v, , ) fees  (7.6C>,  (7.61)  , (7.63)  and  (7.64)  we 

will  obtain  calculation  fcraulas  for  deter  a j nation  of  the  notion 
characteristics  of  the  anti-aircraft  shells  cf  the  constant  aass 

t£ ,J  = ti;  60  - - — — - | J ,L  i - J i z\,  i); 

2c\  cos  « i 

/ - — [7 \r  -T  *•,.  J;  -V ---  -D  r.i]:  , 7 73 

Cl  ci 


, — .v  tij  90 -v- j 

' 0 ‘2c,  n>s  b(,  [ 


Ain-Mvo)  _j 

0 j 


luring  practical  calculations  determining  action  characteristics 
ter  each  calculation  point  cf  zenith  trajectory  is  conducted  into  two 
ap proach/approxiaations . In  the  first  appr cx i* ation,  we  take 
H(ycy  1 = 1 ajid  ct=c;  in  the  second  apprcach/ap pro ximation,  after 
calculation  y„  »•  detarsiqc  H , at  fi-nd  and  we  perform 

calculation  repeatedly. 


the  application/use  cf  a aethed  cf  pscudcvelocity  is  possible  in 
principle  also  for  perfcnarce  calculation  cf  the  notion  of  the  body 
cf  variable  aass,  i.e. , for  the  calculation  cf  the  powered  flight 
trajectories  of  the  unguidtd  rockets. 
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the  first  equation  of  system  (3.62)  car  le  replaced  ay  the 
eq uaticn 


Ibis  - the  projection  cf  equation  cf  action  cn  axis  ox  of  the 
stait^nq  Cartesian  coordinate  systex. 


Jf  Me  no*  accept  QceK  = const,  H(y)=H(ycv)  «*d  8 = ecp.  then  it  is 

possible  to  ofctaip 


d I v- 


COS  f) 


dl  \ cos  6, 


“) 

ip  / 


I—/.  a>[l  — kF(v)\ 


(7.  75) 


htere  in  h are  included  all  constant  values  anc  a numerical 
ccrcccticn  factor. 


Eage  273. 

If  lie  additionally  accept 


and  t$  designate 


U U 

V — ~ 

cos  6 cos  6cp 


f Cos  fl 

Cos  \ . 


r n 
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that  alter  integration  t»e  ttill  chtain 


uhere  - value  U for  the  beginning  cf  the  section  of  integration. 

Similarly  and  in  tie  remaining  equations  ci  system  (3.82) 
variables  can  be  divided,  tut  equations  are  integrated. 

Integral  in  the  right  side  of  eguality  (7.76)  in  final  form  is 
not  taken.  So  cannot  be  undertaken  integrals,  also,  in  the  remaining 
equalities,  obtained  during  the  integration  cf  system  (3.82).  The 
numerical  calculations  cf  the  povered  flight  trajectories  cf  the 
ungeided  projectiles  of  variable  mass  can  ke  carried  out  by  the 
generalized  method  of  pseudc velocity , proposed  to  L.  B.  Komarov,  with 
the  use  of  tables.  The  tables  are  calculates  cr.  the  basis  of  standard 
function  from  the  air  resistance,  knewn  by  the  name  cf  the  "lav  cf 
the  resistance  of  1943". 

Example  of  the  trajectory  calculation  cf  the  projectile  of 
ccfstint  mass  with  the  aid  cf  basic  furcticrs. 


; —k!  (Cl 


tec  * 781C7  110 


£IGi  -*£,// 

Js  assigned:  d3100  ,mm,  «'<  «o.65,a* \2  kg#  v#=12QG  i/s. 


1c  find  the  velocity  ct  picjectile  vitL  flat  trajectory  fire 
kith  acgle  of  elevation,  ty  close  to  zero,  cn  distances  - 500,  1000 
and  15CQ  a. 


Ballistic  coefficient 


c 


ij2  0. bo  <0.1)2 

__  103  = 

Q 12 


103^0.5417. 


Cn  first  fcrnula  (7.72)  he  hill  oltain 


D{vc)  =O{v0)+cxc. 


Value  E(v0)  let  us  find  frci  the  tables  of  lasic  functions  from  input 
value  v 0=  1 2C0  a/s.  Aftervarc  calculaticn  D{oc)  for  the  assigned 
distances  let  us  find  initial  velocity  cf  jicjectile  The  results 
cf  calculation  are  civet  belch: 


*0  H 

500 

1000 

1500 

O(l'u) 

2022 

2022 

2022 

cxc 

270,8 

541.7 

l 

812,4 

D(vc) 

2292,8 

2503.7 

2834,4 

1123,5 

1048,7 

975.0 

Fag«  574 
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3.3.  Solutions  with  the  assigned  aralytical  dependences  for  notion 
characteristics. 

Jn  certain  cases  of  calculation,  it  is  possible  to  previously 
assume  known  the  form  analytic  functions,  wtick  describe  any  of  the 
sctico  characteristics.  Best  frequently  such  methods  are  utilized 
during  the  calculation  cf  trajectories  cf  aissile  targetings  tc  the 
neved  target/purposes.  Is  well  , knows  tie  netbcc  cf  the  trajectory 
calculation  cf  guidance,  proposed  by  picfesscr  I.  V.  Ostoslavskiy,  i 
whe*  they  accept,  that  a change  in  tfce  velocity  of  the  motion  cf 
rocket  along  trajectory  is  determined  ty  the  furction  cf  the  fern 

®p=®po  -V-  i7-77) 

In  this  case,  the  aoticn  characteristics  are  calculated  several 
appro ech/appr oximat ions. 

it  is  presented  the  cc amoc/ge per a 1/to t cl  procedure  of  the 
solution  of  problem,  beinc  based  cn  previously  obtained  dependences. 

acceleration  in  the  first  apprexiaetien,  can  be  determined 

from  the  first  equation  of  system  (4.21)  fer  the  known  initial  data 

Pa  - Xn 

*’pi  = — — — -rsin  0„. 

mo 

the  initial  values  of  thrust  I 0 anc  of  density  p0  let  us  define 
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as  functions  of  origin  coordinate  i0,  tut  ialacce  angle  - according 
tc  ioxiula  (3.66) , also  witfc  the  use  of  trb{  initial  data 

n.  — *0 


7»o  4- 


7 ( V« cos  60), 


where  6 o it  corresponds  to  the  guidance  settcd  accepted. 


\ 


* 


I 

! 

t 

i 


frag  coefficient  let  «£  deteraine  according  to  formula  (2. 89) 

r-'(Mo'l=<'Jro+<'xt  (aMi. 

liter  determination  of  the  drag 

and  of  the  initial  value  cf  thrust,  it  is  pcssille  to  calc ulate  vp, 
•ad  npI  according  tc  (7.77).  Besides  dependence  (7.77),  for 
trajedtory  calculation  it  is  necessary  to  lave  a dependence,  which 
sales  it  possible  tc  calculate  the  values  ci  ancle  6.  For  this 
purpose,  are  utilized  tie  kineiatic  eguaticrs,  which  correspond  to 
gaidaace  aethod. 


let  us  examine  the  scluticn  of  prcllei  with  pursuit  guidance, 
fcr  horizontal  rectilinear  icticn  cf  target/purpose  with  the  planar 
trajectory  of  the  goidapee 


d 6 
dt 


= — vu  sin  i 


(7.78) 


r 


f Si 


it 
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Eaci  **6¥4 


Bividiny  variables,  *»e  will  cltain 


</e  t 


s>  n 6 


lit 


■ 7.  79'. 


hilCOCC  it  follows 


,,.4=^4.^ 


(7.80 


A change  in  the  distance  between  the  iccXet  and  the 
target/ purpose  for  the  case  in  question  in  accordance  with  (4.8)  is 
equal 


r—  — (x'p  x'„  cos  6). 


,7.81 


Integrating  last/lattei  equality,  we  will  cttain  in  the  first 
ajrftcy  iaat icn. 


r|  — rii_  \ x'  .| lit  — ( t'„  ais 


li-i° 

6 6 


:.8D 


after  which  froa  (7.80)  it  is  possible  to  expect  -J-  and  to  refine  n 


The  ordinate  of  trajectory  will  le  determined  fron  the  usual 
kineaatic  relationship/ratic 

/ 

y»  = ypv-:  (x’d-Mii  8,«/c 

b 


,7.83 
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lor  simplification  in  the  solution  nest  frequently  is  used 
»n=cons:. For  conducting  tie  calculation  in  the  ascend 
app roach/approxination,  are  utilized  values  6 i{t),  ypt(t)  and  rt(t), 

obtained  in  the  first  apprexiaatiop.  Is  calculated  balance  angle 


and  the  drag 


a«i(/)  = 1 + f cos  6,1 

p, + 


Xt(t)= Sr,  j M,  1, 


there 


0(M|^=r^w+fx< 

As  the  eqtry  into  curve/graph  c,(M),  «ill  nerve  value  vPi/ai,  where 
a j - the  speed  of  sound  at  height/altitude  yt.  Thrust  pt(t)  is 
calculated  also  oq  ordinate  yj.  Thus,  acceleration  in  the  second 
ap proach/approxinaticn  sill  be  equal 

tags  276. 


As  a result  of  the  nuscrical  solution  cf  last/latter 
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f IGt 

differential  equation,  he  will  cttain  Id  1 1 1 seccnd 
approdcb/approximaticn  the  dependence  c t the  velocity  of  rocket  on 
tiM  • :’Pn(/J.  The  distance  between  the  rocket  and  the  tar  jet/purpcse 
in  the  second  approach/apprcxieaticq  sill  he  equal  to: 


«rr  „ 

£>4lc 


t r 

ru  ~ r«  \ t'i  )\4< --  \ i ih. 

li  r 


Integrals  in  last/latter  equality  aisc  aust  tie  undertaken 
numerically.  The  slope  tangent  in  the  seccfc  a f ptoach/a^ pr cx iaa t ic n 
vill  ke  determined  ty  the  repeated  scliticr  of  eguation  (7.80)  with 
the  new  data 


ardiqate  of  caiculaticr  feint  in  the  trajectory  in  tue  second 
app roach/a pproxinat ion 

t 

!'it  ~ y«T  ( t'pn  sin  9ltJr. 

6 

ler  calculation  in  the  third  app rcach/ap prexiaation,  are 
utilised  the  data,  obtained  in  the  seccnd  a p prcach/approxr maticn. 
Calculation  points  are  selected  thtcugh  eqtcl  tiie  intervals  sc  as  to 
have  aithin  the  liaits  cf  the  calculated  phase  ct  expected  trajectory 
cf  7-10  points.  Kipesatic  equation  fee  the  definition  of  the 
abscissas  of  calculation  points  is  solved  independently  after  they 
will  keccae  known  :>rni  and  0m.  obtained  in  the  third 


toe 


PAGE 
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approacb/approxiaat icn, 

t 

x=x0~  \ vvm  cos  6lltcJi.  (7.  84) 

6 

In  certain  cases  proves  to  te  acvisatlc  tic  detail  with  linear 
function  (7.77)  to  use  analytical  dependence  ter  the  determination  of 
distance  between  the  rocket  and  tbe  target/purpese-  Function  fer  r 
can  te  undertaken  in  tbe  fern  cf  tfce  sva  ttree  first  members  of 
Taylor  series,  coaprisec  according  tc  the  degrees  of  time  t [431, 

r==r«  + 'V-r  0,5v*- 

the  derivatives  r0  and  ra  are  rdetersined  depending  on  guidance 
■ethod  fros  initial  conditicns.  For  exaiple,  with  pursuit  guidance  to 
the  target/ pur pose , dri ving/moving  towards  rocket  it  is  rectilinear 
at  ccnstaqt  height/altitude,  fer  flat/plane  trajectory  of  guidance, 
let  us  have  cq  foraula  (7.61) 


ro= 

face  277. 

The  ^ecoqd  derivative  it  tbe  ccrstaqt  velocity  of  target/purpose 
after  dif f ereqtiaticn  cf  last/latter  equality  ard  substitution  (7.78) 
will  take  the  fora 


r. 
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The  use  of  dependences  (7.77}  and  (7.££)  onder  the  conditions, 
stipulated  above,  it  makes  it  possible  to  scive  the  task  of  guidance 
tc  target/purpose  completely  ic  guacratures  £43].  A similar  method  c£ 
performance  calculation  cf  icticr  cat  be  ceed  also  uith  other  methods 
cf  guidance  oq  three-point  curve  or  uith  parallel  approach. 

]t  is  necessary  tc  keep  in  mind  that  tie  described  principle  can 
be  applied  uith  the  sufficiently  siaple  cases  cf  moving  the 
tarceh/purpose.  It  gives  satisfactory  coincidence  uith  tne  results  of 
precise  methods  of  calculation  (numerical  integration)  when  in 
acvanee  taken  dependences  (7.77)  and  (1.85)  prove  to  be  close  to  the 
expected  real. 

3-4.  Approximate  analytical  methods  ci  deteiaining  the  motion 
characteristics  of  the  rockets  uitl  guidance. 


I he  approximate  analytical  calculation  methods  of  trajectcry  cf 

I i 

guidance  are  based  cn  the  assumptiers,  vhicfc  considerably  simplify 

i ! 

the  real/actually  occurring  process.  It  is  suggested,  that  the  rocket 
and  target/purpose  move  in  cne  plane,  /that  the  target/purpose  moves 
rectilinearly,  target  speeds  and  rccket  arc  knevn  and  constant  in  the 
process  of  guidance.  Socket  is  replaced  by  pcirt,  and  it  is  suggested 


J 
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that  the  kineaatic  constraint  between  rtbe  rccket  and  the 
target/p urpose,  superiapcsed  by  guidance  icthcd,  is  realized  ideally. 
Thas,  £roa  exaaination  is  eliainatfd  tic  actiop  c£  all  rcrces  and 
ter que/acaents,  but  investigation  itself  ic  this  case  hears  purely 
kircaatic  character. 


Subsequently  let  us  ccrsidcr  that  the  iccket  and  targ et/purpose 
apve  in  the  first  fourth  oi  the  eight  starting  system  or  coordinates 
C.ij  under  initial  ccnditici*  x^<xa0:  yr0<yu0- 


let  aa  exaaine  the  case  of  guidance  with  iixed-lead  angle 
ap-aw)- const,  for  rectilinear  moticp  cf  target/purpose  o«i,  = Q ard 


t'n^O  Then  from  ( b - 10) 


j_.lL  = o 


Itilizing  (4.9}  and  replacing  ap  cjj 


»€  will  obtain 


rfau  t'p  sin  dpo  — *’u  sin  ou 


(age  218. 


After  factoring  out  uu  in  right  side  ere  after  designating 

*'■  ua  aill  obtain 


«iau  _ '’ii  (P  “po  — S'"  au> 


W 
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Area  the  condition  of  ideal  advance/p invention  (4.6)  let  us  find 
eagle  an,  which  corresponds  to  nsglg  a[n,,  l«t  us  designate  it  through 
Oq b and  lat  us  call/naae  tie  angle  cf  recessary  rendezvous.  Then 


sin  aa  „ = p sin  a,*,. 


After  conducting  replacenent  in  (7.87),  we  kill  obtain 


dau  ^ ( sin  aa  b - sin  au) 


he  placing  in  (4.8)  ap  on  apo,  let  us  hate 


- = vm  cos  a„  — vf  cos  a,l0. 


After  dividing  (7.90)  tc  (7.89),  ve  kill  obtain 


dr  coj  au  — p cos  Opo 
r sinaB  b — sin  aB 


(7. 91) 


Icon  this  egeation  can  he  obtained  the  fcraula  for  the 
deter  a inat ion  of  distance  between  the  iccket  and  the  target/purpose 
in  the  process  of  guidance. 

Ike  integration  of  eguation  (7.91)  has  ccaicn  sense  under 

condition  ctpo<arcsin  — . ctleiwise  the  iccket  target/purpose  will  not 

p 

overtake. 


Analytical  dependence  for  r can  te  obteinee  by  integration 


(7.91) 


It-J 


cos  au  — p cos  Op,, 
sinaB  — sin  o,,  b 


and  farther 


f*~S 


cos  au^au 


- p cos  (XpQ  ^ 


rfa„ 


*u0 


sinott— smaBB  • J sinau— sinaa> 

*uo 


(7.92) 


Ike  first  integral  cf  right  side  is  egtal  tc 


\ — ■ co»gudan — | In  (sin  a„—  sin  attB)|*' 

J «mau—  *maBB  “ B 


*«o 
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t cr  the  solution  of  the  second  integral,  it  is  necessary  tc 

ictioduce  sutstituticn  tg  — = frca  thich 

6 2 


( /a„  — - 


2 Jz  *r'<i  2/ 

■;  X sin  a„  --= . 

i + *•  n i + j-J 

liter  conducting  replacenent  iq  tic  seccnc  integral  of  right 
side*  te  will  obtain 


P cos  at,„  \ 


■»o 


sin  o„  — sin  a . 


r 2<i * 

: P cos  a,,,,  \ 

. 2:  — s.n  a — 


'«  n *2  5,:l  a.  p 


1 


1 


liter  integration  and  transforaaticns  , introducing  tue 
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designation 


P 


cos  a,l0 

cos  a ’ 

u |. 


be  bill  cbtaiq 


'g  77  - CIE 


P cos  ap0 


sin  a„  — sin  aa  |( 


- = , — k In 


'g  — - 'g- 


Initing  both  the  integral  of  right  sice  (7.92)  and  substituting 
the  apparitors  of  integration,  be  till  obtain 


r I sina^o — sin  gg  # 

ro  \ sin  au — Siri  a „ 

' u B 


au 

'g-T-'g- 


n B 

2 


x 


After  nultipl ying  right  and  left  part*  cn  cosj^’  after 
tr arsfcr nations  we  will  obtain  tie  firal  fcrnula,  which  determines 


the  distance  between  the  rocket  anc  the  tarcet/purpcse  according  tc 
the  line  of  the  sighting 


CCC  * 701071 10 


£l££ 


Ease  260. 


the  solution  of  equation  1(7.92).  can  tc  written,  also,  in  ether 
fcr«,  after  replacing  sinauB  tj  (7.  £6)  [39]: 


p r°» «pp 


/ sin  au  — /j  sin  a,o  \ I 1 z7*  *>n*  «| 

\ sin  a.,n — n s:n  a.  ^ 


P0 


0 V 

\ sin  auo—  F sin  a,.0 

" cos  *po 

. — P sin  a.,0  sin  au0  + cos  au0  | i — />2sinZapo  \ 1 1-/,!  ,ln  *p0 


• I ‘ ~ p 

\ 1 — /-sin 


F si n dpo  sm  au  + cos  du  I 1 — sin-  dpo 


I 


■ (7.94) 


(t  is  possible  to  derive  also  fcriula  for  determining  the 
approach  tiae  of  rocket  fcr  target/pur  pose . Utilizing  (7.38) # (7.89 

anc  (7.9  0)  , u*  Mill  obtain 


vji  -- 


dr 


rd  ou 


cos  du  — p cos  dp,  ,r  sin  d,0—  sin  au 


Carrying  cut  appropriate  substitution  [39],  it  is  possible  tc 
obtain 


v.,dt  — - 


1 


(1  — fZ)COSdKl 


pdr-  d [nos  id*  — a,. 
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integrating  right  side  fici  rc  tc  r,  will  obtain  dependence 
icr  determination  <? t approach  tine: 

,ro  l P + cos  (auo  + ap0)]  — /-[/>  + cos  (au  + a,l0)J 

t = . / -i95 1 

«'a(P2—  l)cosapo 

tav  the  tiie  of  intercepticr  (i.e.  the  time  of  the  motion  of  rocket 
frc*  initial  position  tc  point  cf  impact)  sill  le  determined  fccm 
last/latter  formula  with  r=C 


r*[P  + cos  (guo  + gpo)) 
Va(P2—  l)COSOpo 


fhe  qcrmal  accelerations,  experience/tested  by  rocxet  in  the 


process  of  guidance,  arc  determined  ty  formula  iU.11).  uen cube  ring 

that  for  case  = o in  guesticn  and  ~~  is  located  through  formula 

•it  ' dt 

(4.9),  me  mill  obtain 


sin  au  — p sin  a^o 


(7.  97) 


Jkfter  substituting  into  last/lattec  formula  expression  for  r of 
{7*93}  and  after  conducting  transformations,  wt  will  obtain 


Qu0  ■+■  a 


kB,)' 


X 


(7.  98) 


Buting  the  rectilineal  and  uniters  motion  cf  target/purpose  and 


,/  / 
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f=ccn*t  the  rocket  hill  icv«  disc  rcc tilincarl y and  is  evenly,  and 
copseguently , u„ = 0 Bith  tie  adceuvcring  ci  target/purpose  from 
(4.1C1  and  (4-11)  let  us  write 


a 


n n 


,/a„ 

U~JT  P 


V, 


i7.  104'- 


Bifferentiating  (4-7)  and  utilizing  (7.1Q4).  we  Mill  obtain 


(7.  1051 


Hcplacing  cosa„  ard  sifcstitutirg  |7.K1),  we  will  obtain 
cc « a ua ication/connectic p between  the  Dermal  accelerations  cf  rocket 
and  target/purpose 


^ n p ® 7 u 


r 1 — Sin2a„ 
s iJau 


I — ■ 


7.  106 


Buring  the  prcparticral  approach  cf  egiaticn  (4.8)  and  (4.15) 
they  are  integrated  in  final  term  cqly  in  tic  case  of  the  uniform 
hcrizpntal  motion  of  tarcct/purpcse  fer  the  particular  value  of 
factor  of  proportionality  a = 2 [39],  Ihe  geretal  cast  reguii.es 
tuaetical  solution. 


Page  282. 


lith  pursuit  guidance  ap  = 0,  tten  from  (4.8),  (4.10)  and  (4.11) 


it  is  possible  to  write: 


EQC  * 78107110 


pige 


— =TV(cosatt--p), 

at 


(7.  107) 
(7-1108) 


(7.  109) 


String  rectilinear  motion  of  t ar get/puipcs*  arin= o and  from 


(7- ice) 


df  dau  i 


(7.  110) 


After  dividing  (7.1C7}  to  (7-11C),  we  till  ottain 


dr  (cos  au  — p)  dan 


(7.  Ill) 


lest/latter  equation  ccrrespcrds  tc  guidance  to  the  driven  out 
target/p urpcse.  Integrating  it,  we  will  ottain: 


rz=k  <sina‘')P  1 
( ! -f  cos  au)p 


(7.  112) 


Integration  constant  k will  be  determined  according  to  the 
initial  conditions  r0  and  ao0 


f,  _ r0  ( 1 + cos  am))'' 
(smau0)/’~l 


(7. 113) 


Becall  that  during  the  horizontal  motion  cf  the  t ac ge t/pu r pose 


a„  = ? = Y- 


In  the  case  of  guidance  to  the  target/pur  pose,  dr  iv  in  g/»o  vmg 


i 


i 


t 
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tc iardf tf 


df  dau  t>tt  sin  au 

dt  dt  r 


(7.  114) 


and 


dr (cos  T + P)dau 

r sin  a„ 


(7.115) 


{ntegr ating,  we  will  attain 

r=k'  IL+fSU^  _ ( (7.116) 

(sini)',+1 

where  the  integration  constant  will  fce  equal  tc 


fage  263. 


y__  M sina^-*-1 
(1  + COWj)*’ 


(7.117) 


let  us  deternine  the  tine  of  noticp.  fee  the  case  of  the  driven 
oat  target/purpose,  let  us  wultiplj  (7.107)  cn  cosy  = cosa„.  a (7.110) 
ca  sinv=sinau,  let  us  deduct  of  the  second  product  the  first  and  we 
will  attain  after  trans formation  the  following  differential  equation: 


(cosyj-P  dr  — rsin \d\=vu  (1  — dt. 


after  integration  we  will  obtain 

_ ra  (COS  To  + f)  — r ( cos  y 4-  r > 
'•1:  (/'•-!) 


■7  118) 


i 


■i 


for  the  targe t/pur (ose,  which  flies  towards,  it  is  possible  tc 
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ct tain 


__r(cosj  - r)—r,  (cosi,,—  P) 

v-Ar'—  1) 


1 18'' 


total  flying  tine  tc  eicounter  Hitt  target  let  us  determine  with 
r=C;  respectively  let  us  hate  froa  (7.318): 


a free  (7.118)* 


t _ ro(cos  To  -!-  r) 

*'u  ( / - — I ) 


t — r0(p—  cos  70) 
i'u(/,2~  1) 


7.  mo 


7.  120) 


the  ncraal  accelecaticn  of  rocket  let  us  determine,  after 
substituting  in  (7.109)  for  the  case  cf  the  driven  out  tar  get/pur pcse 
cl  egeation  (7.110)  and  (7.112)  and  fcr  the  case  of  target/purpose, 
dr iving/noving  towards,  (7.114)  and  (7.116).  ic  will  obtain  with 
guidance  tc  the  driven  cut  target/ faifcsa 


vf ( t +COS7)*  . 
pk  ( sin  f)^— 2 


(7.  121) 


vlth  guidance  to  the  target/pu rpcse , driviijt/ac ving  towards, 

( sin  i)’’ +J 


pk'  (1  + cos  t)*’’ 


1 7.  122) 


■e  will  obtain  the  notion  characteristics  of  the  cocret  with 
■ atchgcg  guidance.  After  equating  rp+drv  tc  rp  (sec  Fig.  4.5),  we 
can  write 


( rf  d V1*  + (drtf  = (t-p  dt  )* . 
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After  dividing  last/latter  relaticnsb  ip/r atio  on  (dy)  2,  we  will 
cfc  tain : 

(7.123) 


•ci  horizontal  rectilinear  mcticn  cf  t c i c e t/purpose  an»y  and 
adcpg  Fig.  4.5  let  us  deteriine 


^ i>u  sin  7 

/-u 


Eaqe  284. 


(7. 1241 


Then  frcn  (7.  123)  it  is  possible  tc  write 

/"pI*  , .»  rl^ 

V*T  / p sin2  y 


(7.  125' 


Since  </„=const,  the*  it  is  convenient  tc  ittcoduce  replacement 

^ —ila  - and  thqn 


sin  t 


; _ (y*n- 

\d~i  ) p sin*  t 


(yu.r)~ 


7.  126 i 


The  obtained  differential  eguaticq  is  ret  integrated  in 
quadratures.  It  can  be  seined  approximately  (see,  for  example  [39]). 
The  tjie  of  notion  let  rs  define  frci  the  fcllcwing  equality  (see 
Fig.  4.5): 


c 
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aciaal  acceleration  of  rocket  ve  deterfine  as  usual,  according 


tc  the  fcraula 


a"p~Vf7,- 


(7.  128) 


let  us  find  derivative 


df d<f  di 

dt  dl  dt 


[7.  129) 


Utilizing  Fig-  9.5,  let  us  write: 


du  d(rt  sin  7) 

tp<f=  — = - 

dx  d (rp  cos  7) 


let  us  accoaplish  tfce  p rccess/cpecaticc  <?f  differentiation  of 
right  side;  with  respect  to  y let  us  civide  cuaetator  and  denoainatcr 
intc  d>;  after  this 


rp  sin  7 + rt  Cos  7 
r cos  7 — rv  sin  7 


(7.  1301 


Ic  differentiate  last/latter  eguaiitj  cc  • 

■ J. 

co*2^  df  (r^cosj  — rp  sin  7)* 

Let  us  find  value  — \ — = 1 -Mg*?,  using  (7-13C), 

COS2  5p 


Fact  28 5. 


1 _ rP+(rPr)2 

co»2f  (rp.  cos  7 — rp  sin  7)* 
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After  substituting  (7.132)  in  (7.131),  we  Mill  obtain 

A'-  rl  + -'rv^‘~rf-ry.  ,7.133 

,/7  r + I2 

lalu*  rl:  let  us  find  fcca  equation  (2.126),  it  differentiated 

it.  Pteliainarily  let  u£  designate  tfce  nuiciatcr  of  right  side 
(7.126)  through  k* 


*2  CIJY 


sin-»y 


13-1 


Directly  from  (7.126)  te  will  obtain 


/JT 

Sin*  7 


' ! smsT  — ry 


J.  137 


Substituting  last/latter  equality  in  jieceding/previous,  we  will 
obtain 


Sill*  7 / b'2 

V ^-r-' 


(7.  13ft 


Substituting  (7.135)  and  (7.136)  i r.  (7;133),  we  will  obtain 


i ''ic|C7 


l7.  137 


\ I 


sin*  7 1 

• tilizing  (7.128),  (7.129)  and  (7.137),  we  will  obtain 


2pv7  si 


1 
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Introducing  the  ccpstart  beigfct/altitnoe  c£  the  motion  of 
target/purp ose  yu,  we  will  obtain 


„ ^ 2pt'-sin^  / i , CLfii 

ilu  ! 

\ \ sin*  7 


,7.  13  i 


Ike  kineaatic  analysis  cf  the  possible  conditions  of  the 
eaccuoter  of  the  rocket  with  target  with  igrcrance  by  different 
methods  will  be  exaiincd  ir  chapter  IX. 


§4.  Similarity  of  trajectories  and  the  tabrJar  methods  of  solution. 


in  the  practice  of  tallistic  c a lcula t ic ns,  are  applied  the 
sp-called  tabular  methods  oi  the  solutions  kith  the  aid  of  which  it 
is  possible  to  find  the  cell/elesents  ci  characteristic  points  in  the 
trajectory,  for  example,  cf  apex/%ectem  or  impact  point. 


Cage  266. 


(specially  widely  are  utilized  ballistic  tables  for  the  calculation 
cf  the  trajectory  eleaerts  cf  the  flight  of  the  projectiles  of 
canton-type  artillery.  Ihese  tables  can  be  t sec  also  for  calculation 


/ 
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cf  the  inactive  leys  of  rcciets.  Tie  stud)  cf  systems  of  equations 
(5.6)  and  (5.10)  shows  that  the  trajectory  eleoents  of  definiticn  by 
three  parameters:  initial  velocity  v0‘  t y the  ballistic 

coefficient  c;  by  angle  of  departure  e0-  After  calculating  a large 
quantity  of  tra jectcries,  it  is  possible  tc  sake  table  of  the 
cell/eleoents  of  tra jectcriesaf ter  taking  as  the  entries  of  value  v0, 
c mad  60.  In  tables  are  usually  giver  the  values  cf  complete  distance 
- xc,  trajectory  - //.«.  total  flying  time  - tc,  to  the  velocity 

in  impact  point  - cy  and  the  angle  of  tangent  inclination  to 
trajectory  in  inp>act  point  - u,  Arc  well  krewr  the  ballistic  tables 
cf  ANH  (artillery  scientific  research  institute)  and  the  ballistic 
collection  of  artillery  acacemj  [5S].  Calculations  according  to 
tables  are  reduced  to  the  determination  of  the  unknown  values  by 
siiple  interpolation  on  v0g  c and  6,0. 

fer  the  trajectory  calculation  cf  antiaircraft  firing  to  three 
intake  parameters  is  added  the  fourth  - five  cf  motion. 

Using  the  tables  of  aq tiaircr a t t fire,  it  is  possible  for  the 
trajectory,  determined  ty  vc,  c and  60,  to  line  \,,yt  and  v,.  that 
correspond  tc  different  cissile  flight  time  t4,  t2,  t,  and  of  sc 
forth, 

Eallistic  tables  successfully  are  utilized  for  the  solution  cf 
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the  inverse  designed  problems  of  external  tcllistics.  For  example,  in 
tens  cf  designed  range  v<  and  values  c and  6C  it  is  possible  to 
simply  fiqd  the  neccssaty  icitial  velocity  cf  projectile  - v0. 


Ballistic  tables  ace  utilized  fer  trajectory  calculation,  which 
correspond  tc  normal  meteorological  ccrdiiiccs.  The  limits  of  the 
applicability  of  tatles  can  be  expaeded,  if  we  use  theory  they  can  be 
expanded,  if  to  use  the  theory  of  sinilitudt  cf  trajectories.  French 
scholarly  P.  Langevin  established  the  dependence  between  the 
characteristics  of  two  trajectories  cf  the  projectiles  of  the 
constant  mass,  for  which  the  values  cf  teaperature  and  pressure 
siitioanding  air,  corresponding  to  tfce  tegircinc  cf  trajectories,  were 
different.  After  assuming  that  the  tespecatcre  cf  air  differs  by  a 
ccrstant  value  froa  teaperature,  determined  by  normal  linear 
dependence,  and  change  cf  air  pressure  is  sit jected  to  hypothesis 
ai>cct  the  vertical  equilibrium  of  the  atmosphere,  it  is  possible  tc 
show  that  the  trajectories  till  be  similar,  if  cf  them  are  identical 
three  deteraining  parameters: 


where  h„  and  r0  - pressure  and  temperature  an  initial  point  in  the 
trajectory.  Iwo  Siailar  trajectories  cf  cocrdirate  x and  y,  will  have 
tp  be  related  as  temperatures  ir  the  icitial  point  of  trajectory  r0, 
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A,=  — ^ <t>.,  (r‘,  1>TK,  eKi, 

toA' 

y$  = — — ^*('  ’1  ^ki  ®k!> 

T,..v 

eK. (r*.  Vik,  ej, 

t>K-  = l — dV r*,  ®,K,  fix', 
l T0 M 

I ToJV 


^7 


uhere 

^nV 


and 


^tK  = 


v'V 


'nK 

T 


(7.  141; 


la  these  formulas  ty  gjabcls  ;>K,  n,„  hK  and  T|.  are  designated 
respectively  the  velocity,  engle  of  departure*  taremetric  [tessure 
and  virtual  temperature  in  the  pcirt  cf  the  beginning  of  inactive 
leg,  i.e.,  at  the  end  of  the  active  secticp. 


Ballistic  coefficient  for  a passive  secticp  is  equal  to 


the  values  of  functions  0,,  dy  dy  dy  apd  d>,  are  taken  from 
usual  tallistic  tables  in  ieput  values  r\  Vxk  and  $ 


Page  288. 


thus,  for  instance,  d>x(r*,  v,K,  8.1 


is  equal  tc  the  distance,  determined 


r / 
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by  ballistic  tables  for  the  numerical  values  el  quantities,  indicated 
ia  brackets,  siiilarity  conditions  c£  trajectories  are  strictly  valid 
withim  the  liaits  of  a linear  chance  ia  the  teiperature  with 
height/altitude.  At  the  save  tine  tuierical  calculations  show  that 
the  dependences  of  similarity  it  is  possible  tc  use,  alsc,  if  peak  of 
the  trajectory  exceeds  the  liaits  cf  tie  applicability  of  linear 
change  cf  teaperature  with  leight/altitude. 


§ 5.  Formula  of  K.  be.  Isic lkovski y.  Calculation  of  the  powered 
flight  trajectory  of  the  uncuided  rccket. 


Simplest  analytical  solution  is  if  the  case  of  rectilinear 
lovcmcnt  of  rocket,  if  we  dc  net  ccrsider  air  resistance  and 
gravitational  force.  In  this  case  the  eguatici?  cf  notion  will  take 
the  fern 


mi  = P. 


(7. 142) 


Substituting  in  (7.142)  values  cf  E anu  m from  formulas  (2.126) 
and  (1.24),  we  will  obtain 


dv=w. 


Qo  — \ Qc" 

6 


introducing  qev  variable  r=Q0—  ( OctKdt,  integrating  and  carrying 

6 

cut  emplacement,  we  will  obtain  the  velocity  cf  rocket  at  the  moment 


Fig.  1.9.  Dividing  circuit  cf  trajectory  into  separate  calculated 
sections. 


Ea>ge  269. 

last/latter  for  aula  cag  te  written  in  ether  fcri 

— (7.145) 

/tty 

fesignatiag  fall  rate  cf  ptopeilaat  flf n toward  the  end  of  the 

operation  cf  eagia*  tK  through  q—  f Qctvdt,  •«  »ili  obtain  the 

T « 

fcraula,  which  defceraiaes  tie  aaxiaaa  ifiacitj  ahich  can  have  the 
rcchet  without  the  account  cf  the  acticp  c^  it  cf  the  gravity  force 
and  air  resistance 

= 0,111-^°  . (7.146) 

W — Vr 

if  we  present  the  iritial  aeicht  cf  rcchet  as 

<?.=<?„ +Qt. 
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«ii«r«  Q«  - passive  *ei$bt  «f  rccket.  .tfcea 


« = ®.ln  ( 1+^-)  . (7.147) 


«W (7-148) 


*cr  practical  calculations  it  is  fcssille  tc  use  tabulated 
fovctjco 


■here 


■ 

f Qcndt 

1=  ® 

Qo 


*(*)—-  In(l-X). 


Iheq 


»*w,*(X)( 


(7. 149) 


Vcraula  (7.144)  was  *ct  tie  first  Use  derived  by  K.  m. 
f&iclicvskiy  and  was  naacd  fcis  aaac.  it  aitt  tie  success  is  used  foe 
theoretical  studies  in  tbs  field  of  rccket  engineering. 

»e  sill  use  bbe  first  eguation  of  systea  (2.82).  Besides  the 
aeauaptiens,  accepted  dcriag  cbtairiag  cf  sjstea  itself  (J.82) , they 
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additionally  consider  that  the  gas  ilea  cactc  per  second,  which  escape 
through  the  nozzle,  is  ccnstant  cn  tiae  and  it  is  equal  to 


<« 


(7. 150) 
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the  function  of  change  of  ait  density  with  height/altitude  they 
replace  by  constant  value  H(yc p) 


ifter  the  appropriate  transf ocaaticns  it  is  possible  to  obtain 


Iran  the  first  equation  of  systea  (3.82) 


«L~-2£—aI&-b  sin  9, 

dX  \-X  1 - X 


where 


(7.  151) 


Vr  Vt 

last/latter  equation  can  be  integrated.  If  we  accept  angle  6 for 


com  tan  t value#  then 


A 

v~w,\n  — a ^ - d>.  — bx  sin  9.  (7.152) 


first  tern  of  right  side,  which  represent*  by  itself  the 
aodified  fcrsala  of  K.  I.  tsiolkovshiy,  detersiaes  the  velocity  cf 
rochet  without  the  acccsnt  cf  the  effect  of  the  air  resistance  and 
weight.  Second  tern  considers  the  effect  of  the  air  resistance,  and 


..  witwJfi- 
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the  third  - a gravity  effect. 


Second  tern  of  equation  (7.152)  contains  seder  integral  the 
eaperjsental  function  f(v),  given  ty  tatle;  for  calculating  the  third 
tera,  it  is  neaessary  to  select  constant  value  of  sin  9.  There  are 
diffidulties  during  the  solution  also  cf  offer  cguations  of  systea 
(3.821;  therefore  calculaticc  is  ccndoctad  j»ith  the  application/use 
cf  special  tables  pn  the  individual  sections  cf  trajectory  several 
approach/approxiaations.  Detailed  caloulaticn  procedures  are 
presented  in  aorks  [13]  and  [60]. 


fn  the  first  apprpxiaation,  of  the  characteristic  of  aovesent 
they  find  without  the  account  of  the  air  resistance  and  gravitational 
fcxce^  Proa  (7.  152) 

v„—w.  In — ! — . 
u * l-x 

the  displaceaent  of  rocket  on  powered  flight  trajectory  is  equal 

Sx=\vvdt. 

$ 

Substituting  in  this  fcraula  vn  aad  dt  frea  (3.79),  with 
constant  flow  rate  per  seccyd  Qcm  let  us  tevc 


53; 
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Xrca  the  second  eguaticn  of  syste-a  (3;f2)  we  will  obtain 

tffl  Qtfti 

cos  6 Qt  v 

lgualixiqg  v of  velocity,  detftaiacd  tj  fcreula  of  Tsiolkovskiy, 
we  will  obtain 


__  QggU  r ^ 


J'-rrr 


where  X 0 it  corresponds  to  the  toe 3 lie/ igaegt  of  the  descent  of  rocket 
flaw  f tides.  After  designating 


*,(aW 


/■»  tfx 

In  — - — 
v 1 —X 


anc  approximately  replacing 


f rfl1 

J CO*  9 


d*  ^ 8 — 60 

01  8 co*  8cp 


wa  will  obtain  dependence  for  determining  tie  flight  path  angle  at 
the  end  of  the  active  eectica 


VT^f 


(7. 154) 
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luting  calculations  as  the  firgt  ap prcxiaation,  it  is  possible 


tc  accept 


COSfljpSSCOS#,. 


Initial  value  X0  is  located  apprcxiaatcly  through  the  foraula 

> Ql  4 

(to*  *» 

there  the  tiae  of  the  action  of  rochet  along  guides  is  egual 


lverage  accelcraticn  during  tie  vctip>n  of  rocket  along  guides 
and  the  velocity  of  descent  froa  guices  five  utcer  the  ccqditicn 

m=m,= const;  A^const. 

then  a,—v**— — ^sin 9,  «ie*e  L,  - P«th  of  rocket 

«o 

co  guides. 
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let  us  return  to  eguation  (7.  152)'.  in  second  tern  of  right  side. 


let  os  replace 


d*.=  dt  = dt V 1 

On  KQo  ~ >*o 
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see cod  ter*  of  the  right  side 

t 

AT  <«..«.). 

« VT*f 

0 

Accepting  a»,=2000  »/s«  1ft  us  replace  x(va,  wt)-N(vll)  and, 

epeniag  in  (7.156).  coat  eat  cf  a,  let  us  write 

n2.8  - 

<Sf=51-r0//(.i/ep)-^-A^(i;u)_^sin8ep.  (7. 157) 

ire  kooMn  fur.ther  apprcacfa/apprcxisaticns  (the  third  and  the 
foartk)  regarding  the  characteristics  of  esc  cf  powered  flight 
trajectory.  The  order  cf  iterations  is  retained  previous  - the  data 
cf  previous  approach/apprcxiaation  they  arc  utilized  for  that  fcllcw. 

Fage  293. 

Functions  k(X),  k*(h),  ka(A)  if(  iV(g  ate  tabulated  and  placed  in 
[13].  Tables  L,(v„)  and  N(va)  are  ccapriaed  in  connection  with  the 
standard  function  cf  ■resistance  of  air  193X"i 

the  correction  for  a ckange  in  angle  0„,  which  depends  on  the 
air  resistance,  they  frequently  disregard,  determining  eK  according 
tc  for  aula  (7.154).  During  repeated  calculation  in  right  side,  it  is 
tahes  cosBep,  jhere 


VCP 


>0  + 6«1 


2 


MC  « 1IU71I0 


the  coordinates  of  the  end/lead  ci  powered  flight  trajectory 
a#  ftoiiaatel}  are  deteriincd  09  the  for  ml  a* 


X*~S,  cos  8^  lb— St  tin  »cf.  (7.158) 

the  sethod  presented  gives  acceptable  tor  approxiaate 
coifatatioas  results  with  the  relatively  lo  aaxiaua  speeds  of  action 
see  the  short  operating  tiac  of  engine. 


# ••terainatiop  of  tie  velocity  at  the  end  of  the  powered  flight 
trajectory  of  the  guided  aissile  of  class  "surface  -surface." 

The  range  of  flight  of  ballistic  missiles  can  be  presented  In 
the  form  of  the  functional  dependence 

•uder  given  coaditloaa  of  firing,  tine  greatest  interest 
represents  the  velocity  at  the  end  of  ithe  active  section  - iv  the 
asulysis  of  the  trajectcries  of  ballistic  missiles  lakes  it  possible 
to  develop  the  procedure  cf  the  calculation  of  corrections  into  the 
uelcc|ty,  obtained  on  fcraula  K.  E-  Isiclkcvskiy , determined  by  air 
resistance  and  by  gravitational  force.  Ibe  generalization  of  the 
rssulfs  of  investigation s is  facilitated  by  the  fact  that  the  rockets 
cf  the  class  in  question,  depending  on  design  features  and  the 
expected  firing  distance,  have  the  stsnda-rd,  well  studied 
trajectories  with  the  sufficiently  raciov  range  of  the  flight  path 


angles  at  the  end  of  the  active  section*  Let  cs  consider  that  the 
prcgrha  of  the  flight  control  of  rocks*  o*  pitch  angle  provides  the 
assigned  flight  path  angle  at  the  end  ci  the  active  section,  setting 
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aside  for  the  aoaent  a question  of  the  selecticc  of  optimum  program 
concerning  pitch  angle,  it  is  presented  here  cne  of  the  widespread 
calculation  procedures,  after  using  systea  cf  equations  (3.83)  [2]. 
In  first  ters  of  tie  first  eguatioc  cf  systea  (3.83)  let  us  replace 
values  of  X agd  P,  using  (2.92)  and  (2.120).  Let  us  designate 


— ^*0  4 ■ SaPoN- 


(7.  1591 
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After  replacement  and  transfer laticps,  ue  till  obtain 


dx )—  — — P„  — — t.gsin 
"to  l* 


SaP»K  _ . ..1 


, SyvX  . 4^ 

~t~  O-  *r-raiT4 


VU*/) 

m0 


(7.  160) 


2m0  ■ n 

Integrating  within  liaits  frea  v0  to  v anc  fcoa  p0  to  m*  let  us 


have 


T 110 

V — T)0=  — P„  ln^s.  — t«,  \ jet  sin  6d|i  — 

"*o  ft  J 

gftt,2.-z aau*  \ n(n)=e-.  (7.161) 

ffl(|  / 2 u 


c.  Ho  c _ Mo 

i’  gv2  „ s«^da,t»  i'"  n 

m0  ‘ k 

H M 


in  final  fora  can  be  undertaken,  as  earlier,  the  integral  only 
cf  first  tera«i  which  cczresicnds  tc  the  velccitj,  determined  on 
fczaula  K.  E.  Tsiolkovshiy.  second  ten  detersines  a decrease  in  the 
velocity  fcoa  the  action  cf  gravitaticnal  force;  the  third  tera 
detecaines  a decrease  in  the  velocity  froa  the  action  of  the  air 
resistance;  the  fourth  tera  detecaines  the  dependence  of  velocity  v 
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ca  charge  of  the  engine  thrift  with  ^eight/aiti tude.  The  integrals, 
entering  in  (7.161),  in  filial  fera  ace  cot  taken.  Let  us  introduce 
fex  t|ea  the  designations 

A — \ £sin  6a'y,  'A=f  n(y)&-.  (7.162) 

• c ^ K v K 

Me  ti  & 

additionally  let  ur  designate 

A®,=T#y,;  A?t=T*  — Al  Ar,  — — — Jt,  (7.163) 

WO  W() 

and  then 

v — — A*,,  In  — — — At),  — Ax',.  ( 7.  164) 

«o  l* 

Nfcen  conducting  of  the  apprexisate  computations  of  the  powered 
flight  trajectories  of  the  guided  aissiles  cf  the  class  in  question 
cattail)  they  take  po=1  and  »o=0. 


Using  standard  paralclic  pregraa  for  tie  Jast/latter  equation  of 

xystea  (3.83) 

0=y((^_^),  + 5(^_(li)  + C,  (7.165) 

it  is  possible  to  ccaprise  table  cf  integral  Ja.  Such  tables  are 
ccapr4asd  with  p0*1  for  different  v a lacs  0*  [2].  In  (7.165)  it 

corresponds  to  the  finite  value  of  aagla  • ca  active  section;  A,  B,  c 
- constants  of  con oret e/specif ic/actual  prccraa. 


' f 


I 
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lbe  velocity  is  the  first  apprexi aatic i , is  determined  as 


fclloss: 


®i==Tv  ,n  - — 7,] 

\*u  P / 


(7.  16' m 


It  is  possible  to  she*  that 


■/s  = /(^|.  »), 


bhcie 


3 = t^  ]/  wt  sin  8k  10~*  ^ w,=  — l®tlI+w,o'-  l".167,i 


here  aad  We0  - with  respect  effective  exhaust  gas  velocities 

foe  a void  aad  for  ground-fcased  standard  cciditicns 


■ — , -i  « weO pT  ’ 

Value  P«  is  calculated  froa  (2.118)*  a P„  froa  (7.159).  In  both 
cases  tie  thrust  aust  fc«  decreased  hy  aagaitude  of  losses  cn 
controls.  Integral  J4  ie  detecained  frea  c n i ve/graph,  comprised  cq 
the  bdsis  of  the  large  amber  of  calculatic cs.  Input  values  into 
enrve/graph  are  vt  and  «,  calculated  ter  specific  conditions  fer 
<7x168)  and  (7.167).  Integral  Jj  is  deteraiEed  with  the  aid  of 
corvejgraph,  coaprised  alse  on  the  tasis  of  the  generalization  cf 
large  calculated  aatcrial.  Ihe  entry  into  ctrve/graph  are  the  real 
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operating  tiae  of  engine  t and  the  parameter 

v ***  — X*  — Qo 

wt0  PfD  Po 


(7.  168) 


mhare  Pva0  aill  b«  determined  in  accordamcc  with  <2. 123). 
tram  (ammeter  n.  determined  fcy  curve/gr  apt,  tc  integral 
realised  on  the  satirical  fcraula 

y,= z-A.-  (7.169) 

0,001  w,  / VfSinl,, 


The  described  nethed  of  calculaticn  v proves  tc  be  highly  useful 
fchee  conducting  of  ballistic  design,  bet  it  requires  the  subsequent 
refinement  of  results  dcring  the  scluticq  ci  direct  problem  of 
external  ballistics. 


§7.  The  approximation  met  bees  of  determining  the  complete  flying 
ra.cge  cf  rockets.  Method  of  equivalent  projectile. 

Complete  flying  range  is  equal  (see  fig.  7.9) 

xc=xi  ■(“  xt 


the  first  (active)  trajectory  phase  tie  seccnd  (passive)  are 


calculated  by  one  of  the  methods,  presentee  ateve 
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The  trajectory  phase  w hose  beginning  corresponds  to  point  K • , 
and  end/lead  - to  a point  of  intersection  with  the  Earth  (to  point  C) 
is  approximately  calculated  by  the  method,  kncur  from  external 
tallistics  of  barrel  systems.  Calculation  is  based  on  power-series 
expansion  of  function  y = £ (x)  in  the  vicinity  cf  point  K* 


0 = //*•+(■*  — x* 


dx 


\x~  Vf  dl»*- 

2!  dx? 


[X-x„.\»  d*yy 
3 1 dx * 


Utilizing  the  obtained  above  relationsbip/ratios,  are  not 
difficult  to  obtain  those  comprise  cf  the  terms  of  the  expansion  of 
ordinate  y according  to  tie  degrees  of  tna  horizontal  range  of  the 
phase  of  flight  /.7 


dx 


= 1g8 


dx » 


r . 

dx*  v*.  co»JBk  * 

* co»s  #K' 


Then  initial  eguation  for  determining  the  parameter  x with 
section  x3  is  written  as  fellows: 


y= 


{he +1g  ««•(*  — x<  )■ 


2t ri.  co»2  8,,. 


*H*W  I »«■)«  (V) 

' aa'.wM.. 


(X  — x,-f- 

f. 


(7.  170) 
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Equation  is  solved  with  substitution  0 by  the  method  of 


i terations. 


y»-  = tg|8,'|(^-^.)+2-y-X_  (xc-jcK.r  + 

+'  *2.  (JCc  (7- 171) 

In  the  first  appro ximation,  is  considered  cnly  first  member  of 
right  side  (7.171) 


JCjj  — ( Xq  — JC*  )l  — 


•*IVI  ' 


(7.  172) 


In  the  second  appr cach/ap prox i mat icn  we  sulstitute  — f jtc — jt„.), 

in  the  second  and  third  treirters  cf  the  right  side  of  equation  (7.171) 
and  find 


•*SI|  = 


«*!•«■  I 2pJ.  «•*».. 
«»**(»«•)  ft  (v)*3i 

3vJ.  cos*  tK.  *8  |V| 


(7. 173) 
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For  the  third  appr oach/appr cximaticn  we  substitute  the  value  *an  in 
right  side  (7.173).  Usually  calculation  in  the  second  and  third 
apFroach/approximations  gives  close  results  and  the  subsequent 
app roach/approximations  they  prove  to  be  excessive. 


ICC  = 78107111  PAGE  -S"  . 

Tc  the  approximation  methods  cf  the  trajectory  calculation  of 
the  rockets,  which  have  relatively  lew  firirg  distance,  can  be 
attributed  the  so-called  method  of  equivalent  artillery  shell.  This 
method  assumes  finding  such  initial  conditions  cf  the  casting  of 
artillery  shell  (9 0 and  v0) , with  which  the  trajectory  of  artillery 
shell  would  coincide  with  missile  trajectory  in  value  and  sense  of 
the  vector  of  the  speed  in  the  pcirt  cf  the  end/lead  of  the  engine 
operation,  i.e.,  so  that  at  the  point  with  coordinates  xK  and  yK 
would  occur  equality  v, {.;,=Ui.-  and  0K.*=0i.  it  ic  logical  that  the 

equivalent  artillery  shell  must  have  the  sane  value  of  oallistic 
coefficient,  as  rocket  cn  inactive  leg,  i.e.,  cn.  The  calculated 
trajectory  of  equivalent  projectile  in  this  case  must  coincide  with 
aissile  trajectory  on  iractive  leg.  To  point  with  coordinates  xK  and 
1/k  the  aissile  trajectories  and  projectile  do  not  coincide.  To 
determine  the  initial  conditions  of  the  tra;ectcry  of  equivalent 
projectile  is  possible  ty  numerical  integration  or  one  of  the 
analytical  methods  of  solving  the  mission  otjectives  of  tne  artillery 
shells,  for  example,  by  the  method  cf  pse ude velocity.  In  the  case  or 
snail  firing  distances,  the  applicat icn/use  cf  a method  of  eguivalent 
projectile  is  expedient  tc  combine  with  the  use  of  tables  of  external 
ballistics. 

Let  be  known  the  trajectory  elements  ir.  the  ueginning  of  passive 
section  vK,  and  yK  (Pig.  7.10).  For  determining  tne  initial 
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conditions  of  the  trajectory  of  the  equivalent  projectile  of  constant 
aass  voa  and  0<»  and  of  horizontal  ranee  from  the  conditional,  it 
began  trajectories  «•  to  the  projection  of  pcirt  k on  axis  Ox  (value 
xK«  ia  Pig.  7.10)  it  is  possible  systea  of  equations  (5.7)  to 
integrate  numerically  frem  point  K to  point  (V  In  this  case,  the 
space  of  integration  it  is  necessary  to  take  negative,  i«e.#  ht<0. 
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Fig.  7.10.  Construction  cf  the  initial  {hast  ot  tragectory  of 
equivalent  projectile. 
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Curing  integration  the 

uill  grow/ rise  froa  v* 
aagl*  6».  The  ordinates 

decrease  froa  value  yK< 


speed  of  the  eguivalen 

v *l+*t 

to  cob,  will  grca/rise 
o£  calculation  points 
since  in  the  ecs 


project ile 

also  the  flight  path 
in  the  trajectory  will 
• in  (^yc-stion 


«/<!+!)  3=!/(,  + ( — 
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The  termination  of  integr atic c , aao  respectively,  and  values 
t'o».  e,,,  and  -rK..-,,  are  determined  by  ccrdition  0. 


The  initial  conditions,  which  ccrrespcrd  tc  equivalent 
projectile,  can  be  used  ter  the  apprexinate  cctt putations  of 
trajectories  according  to  the  ballistic  ccliecticn,  comprised  for  the 
projectiles  of  constant  mass.  It  is  possible,  fer  example,  to 
construct  the  family  of  trajectories  with  different  angles  of 
departure.  During  calculations  the y Bust  reuain  constant/invariable 
t>o»  aad  cjj.  One  and  the  same  unguided  rccket  depending  on  initial 
angle  of  departure  has  different  trajectories.  To  the  passive  phases 
of  each  trajectory,  obviously,  will  correspond  their  values  v<»,  0oa 
and  Ax t,  but  their  determination  in  the  complete  range  of  a change  in 
the  basic  parameter  is  very  laborious  and  tie  applicat ion/use  of  a 
method  of  equivalent  projectile  will  lose  sense.  Therefore  the 
trajectory,  from  passive  section  of  which  is  determined  uc,  and  tta. 
should  take  the  appropriate  approximately  helf  of  the  range  of  the 
change  in  the  basic  parameter,  tor  example,  to  the  half  of  distance 
from  xc  mm  to  Xc  mix- 


For  the  approximate  investigations  the  trajectory  of  the  center 
cf  mass  of  long  range  ballistic  missile  can  be  also  replaced  by  the 
trajectory  of  the  eguivalent  projectile  of  constant  mass.  The  passive 
(elliptical)  trajectory  phase  is  determined  ty  parameters  p,  and  <p„ 
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calculated  according  to  the  trajectory  elements,  known  for  the 
beginning  of  passive  section  (point  "N"  in  fig.  7.5). 

Designating,  as  earlier,  initial  conditions  at  the  release  point 
cf  the  equivalent  projectile  through  i>ob  arc  0oe  and  replacing  r on 
R3,  from  (7.11)  we  will  obtain 

T,f,cos8»=-^^.  (7.174) 


From  (7.15)  it  is  possible  to  obtain 

_F — f ,=  -£■-  . (7.175) 

1 -«*  2-*  2—*, 


In  last/latter  equality  **=  — - fer  current  point  in  the 

A 

ry 

trajectory,  ,*„== — - - for  the  beginning  of  passive  section. 

K 

The  speed  in  any  point  in  the  trajectory  is  equal  to 

(7.176) 
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Utilizing  (7.175)  and  (7.176),  it  is  possible  to  obtain 

-i/’J+tO-j)-  >7177' 

the  initial  velocity  of  equivalent  projectile  on  the  surface 
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Earth.. 
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Fron  (7.174)  the  angle  of  departure  of  equivalent  projectile  is 


equal  to 


. r.vK  cos  I. 

6n.  = arccos  11  i - ‘ • 


(7.  179) 


After  accepting  in  (7.14)  on  Fig.  7.5  «=0,  we  will  obtain 


r i- 

■ 1 — t cos  f s 


(7.  I80i 


Free  (7.180)  it  is  possible  tc  find  ancle  q>s  and  range  angle 
free  circle  with  radius  of  r„**rH',  of  passing  through  the  pcint  " N" : 


2<f>J=2arc  cos- 


(7.  181) 


Iron  the  equations,  which  describe  Kepierian  notion  of  rockets, 
it  is  possible  to  obtain  ent  additional  foriula  tor  determining  angle 


Vs  [2] 


where 


, 1 sin  21, 

<p4=arctg  — — — 


v =1^ 
V«  ^2  ’ 


(7. 182) 


and  gt.a  - acceleration  free  attracting  force  (gravity)  at  the  point 
By  analogy  with  (7.181)  and  (7.182)  fet  an  equivalent  projectile 
range  angle  can  be  found  frem  the  fcrnulas 


2f,  4-*2irccos 


(7. 183) 
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Linear  distance  over  the  surface  of  tN  spherical  model  of  the 
Earth  is  equal  to 

Z*3=2/?3?.s.  (7.185) 

Initial  velocity  t’oa  can  be  used  for  tie  approximate 
construction  of  the  fatrily  cf  elliptical  trajectories  with  different 
angles  cf  departure  80.  in  this  case,  cne  slculc  rememDer  that  the 
distances,  determined  cr.  formulas  (7.164)  ard  (7.185),  will  differ 
scaevhat  from  the  real.  The  value  ct  error  ceperds  on  the  coordinates 
of  the  beginning  of  the  inactive  leg  and  mcticn  characteristics  - 
vm  aid  0b  at  this  point. 


